
Contract NAS8-21120 

INTERPLANETARY TRAJECTORY 
E R R O R  ANALYSIS: 

COMPUTER PROGRAM DESIGN 
VOLUME I1 - FINAL R E P O R T  

APRIL 1968 

Prepared for 

Y t i  t i o n a  I :\ eron au t i c s  and Space 1 d t i 1  i r i  i s t rii t i on 

George C. \ l a r s h a l l  Spiicr  L'light Center 
I lun t s v i  I le, :\ Itih'iriia 3581 2 

I' r e p ii re d by 

Gentry I.ce 

t.'red t lopper  
Ilk1 I p ti b'a I c e  

MARTIN MARIETTA CORPORATION 
DENVER DIVISION 
P.O. Box 179 

Denver, Colorado 80201 



MCR 67-441 

INTERPLANETARY TRAJECTORY ERROR ANALYSIS: 

COMPUTER PROGRAM DESIGN 

Gentry Lee 
Ralph Falce 
Yred Hopper 

Martin Marietta Corporation 
Denver Division 

Denver, Colorado 80201 
Po 0. Box 179 

CONTRACT NO. NAS8-21120 

Volume I1 - Final Report 
Apri l  1968 

Prepared 
for  

National Aeronautic8 and Space Administration 

George C. Marshall Space Flight Center 

Hunteville , Alabama 35812 

I 



T h i s  document represents the second and f i n a l  

volume of  the f i n a l  report on Contract NAS8-21120 

e n t i t l e d  ttMars Transfer Trajectory Determination and 

Error Analysis." 

was published i n  December 1967. 

It is  a companion to Volume I, which 



Chapter 

I. 
11. 

A. 

B. 
C. 

1. 
2. 

3. 
4. 

5. 
D. 
1. 
2. 

3 .  
I11 . 

A. 

1. 

2. 

3. 
B. 

1. 
2. 

3 .  
C. 

1. 

a. 

b. 

C. 

TABLE OF CONTENTS 

T i t l e  - 
FOREWORD 
TABLE OF CONTENTS 

ABSTRACT 
INTRODUCTION 

ULTIPATE PROGR.4M DESIGN 
The Txecutive Group 

The Supporting Group 

The Dynamics Group 

Dynamics ModUe, DYNM 
Observation Module, OBSM 

Navigat ion Module, NAVM 
Guidance Module, GUIDM 

Cont ro l  Module, CONTM 
Auxiliary Group 

Policy Module, POW 

Information Module, I N F M  

Auxi l ia ry  Module 

TUTORIAL PROGRAM 

Executive Group 

EXMl 

EXM2 
m 3  
Support ing Group 

NRI Model 1 
PSIM Model 1 

HM Model 1 
Dynamics Group 

S e r i e s  1 Models 

DYNM Model 1 

OBSM Model 1 
NAVM Model 1 

Page 

1 

ii 

vi 
1 

9 
12 

15 
17 
18 
19 
20 

20 

21 

22 
22 

23 
24 

25 
26 
26 

26 
28 
28 
30 
32 
35 
38 
38 
39 
41 
42 

ii 



Chapter 

TABLE OF CONTENTS (Continued) 

Page 

d. GUIDM Model 1 

0 .  CONTM Model 1 

D. Auxi l ia ry  Group 

1. POD1 Model 1 

2. INFM Model 1 

E. Subrout ines  and Funct ions 

1. DATIN 

2. HATIN 
3. RNU M 

1. 

2. 

3. 
4. 

5. 
a. 

b. 
C .  

d. 

e. 

f. 

8. 

IV. 
A. 

B. 

ADDENDUM TO PART I11 
Derivat ion of  Equat ions f o r  NTM, Model 1 
Der iva t ion  of  Equation; f o r  PSIM, Model 1 
Der iva t ion  of  Equations f o r  HM, Model 1 
2 e r i v a t i o n  of Guidance Matrix for POW, 

I n s t r u c t i o n s  f o r  Use of  T u t o r i a l  Program 

R u n  Designation 

Event Designat ion 

Time Reg i s t e r s  

Print Control  
Init ial  Condit ions and Other Input  

Input  Deck Assembly 

P r i n t o u t  of Input  Data 

NUMERICAL RESULTS 

Problem Descr ip t ion  

Numerical Results 

Model 1 

APPENDIX 1 Flow C h a r t s  for t h e  Ultimate Program 

EXMl 
EXM2 

Em3 
NTH 

44 

46 

49 

49 

52 
53 
53 
53 
53 

54 
54 
55 
60 

63 
64 
64 
64 
6 4. 
65 
65 
65 
67 
68 
68 
70 

A-1. 

A- 2 

A-3 
A-4 

A-6 

iii 



Chapter 

PSIM 

HM 
DYNM 

OBSH 

NAVH 

GUIDM 

CONTM 

POI& 

INFH 

TABLE OF CON!l'DITS (Continued) 

T i t l e  - 

APPENDIX 2 Flow Charts and Listingr for the 
Tutorial Program 

EXMl I N I T I A L I Z A T I C N  

EXMl 
EXM;! I N I T I A L I Z A T I C N  

EXM2 

dXH3 I N I T I A L I Z A T I O N  

EXM3 
NTM 
PSIM 

TM (Tutorial version of HM) 
DYNM 

OBSM 

NAVH 

GUIDM 

CONTM 

POW 

INFM 

DATIN 

MATIhT 

FUVUM 

Page 

A - 7  
A-8  
44-9 
A - 1 0  

A - 1 1  

A - 1 2  

A-13 

A-15 
A-14 

A - 1 7  

A-18 
A-19 

A-20 

A-21 

A-23 

A-24 

A-27 
A-28 

A-32 

A - 3 3  
A-34 

A - 3 5  

A-38  

A - 3 9  
A-41 

A-42 

A - 4 5  

A-46 
A-51 

iv 



C h a p t e r  

TABLE OF CONTENI'S (Continued) 

T i t l e  - 
Listings 

EXM1, ExM2, KxM3 
NTM 
PSIM 

TM 
DYNM 

OBSM 
NAVM 
GUIDM 

CONTM 

FOU 

INFM 
DATIN 

MA'l'IN 

F"CTICN R N U M  

SUBROUTINE EXTRA 

Page 

A-53 
a-53 
A-56 
A-57 
A-60 
A-61 
A-62 
A-63 
A - 6 6  

A - 6 7  

A-69 
A - 7 1  

A-74 
A - 7 6  

A-78 

A - 7 9  

V 



ABSTRACT 

This r e p o r t  is the  second of two dea l ing  wi th  the  s u b j e c t  

of i n t e r p l a n e t a r y  e r r o r  ana lys i s .  Chapter I ,  the  In t roduc t ion ,  

p r e s e n t s  t he  PhilOSOphy underlying the  conceptual des ign  of an 

t tu l t imate"  d i g i t a l  computer program for performing accuracy 

s t u & e s  on i n t e r p l a n e t a r y  missions. Great f l e x i b i l i t y  and ease  

of use has been sought, with emphasis being placed on t h e  =vi- 

gation, guidance, and control aspects of the problem. Chapter I1 

d e s c r i b e s  the  l o g i c a l  s t r u c t u r e  envis ioned f o r  this u l t i m a t e  

program, and i n  Chapter 111 a g r e a t l y  s i m p l i f i e d  t u t o r i a l  ve r s ion  

, 

is presented  i n  d e t a i l .  This l a t t e r  program has been coded and 

checked o u t ,  and is ready for use. 

v i  



I. INTRODUCTION 

This r e p o r t  is concerned with the design and implementation of a 

d i g i t a l  computer program t o  handle various i n t e r p l a n e t a r y  t r a j e c t o r y  

a n a l y s i s  t a sks  ranging from p r e - f l i g h t  mission a n a l y s i s  t o  t r a j e c t o r y  

determinat ion and e s t ima t ion  based upon real da ta  taken from an a c t u a l  

spacecraf t .  

f i n a l  r e p o r t  under NASA c o n t r a c t  NAS8-21120 [l], which conta ins  an 

a n a l y t i c a l  summary and l i t e r a t u r e  survey of t h e  t e c h n i c a l  s ta te-of- the-  

a r t  with respec t  t o  the  many problems involved i n  an i n t e r p l a n e t a r y  

t ra j cc  to ry  ana lys i s .  

The c u r r e n t  document i s  a companion t o  Volume I of t h e  

The emphasis i n  t h i s  r e p o r t  is on t h e  modular design of an "ult imate",  

comprehensive computer program for  in t e rp l ane ta ry  missions. 

under cons idera t ion  would have t h r e e  bar,ic opera t ing  modes. These modes 

could be roughly descr ibed as follows: 

The program 

1) 

2) Simulation 

3) 

When opera t ing  i n  the mission a n a l y s i s  mode, primarily a s  a pre-f l ight  

Mission Analysis and Error  Propagation 

Tra jec tory  Est imat ion for an Actual Mission. 

t o o l ,  t he  program would have the  c a p a b i l i t y  of a s s i s t i n g  i n  parametr ic  

e r r o r  s t u d i e s  of  a l l  kinds. Due t o  t h e  l a r g e  number of computational 

op t ions  t h a t  could be included wi th in  t h e  design,  t h e  a n a l y s t  would be 

a b l e  to perform these  mission ana lyses  with any d e s i r e d  t e c h n i c a l  eophis- 

t i c a t i o n .  

approximate accuracy were needed for a s p e c i f i c  s tudy ,  t h e  simpler comp- 

u t a t i o n a l  op t ions  could be exercised.  

For example, if computation time were a c o n s t r a i n t  and only 

On the  o t h e r  hand, i f  a highly  
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accura t e  e r r o r  s tudy  were needed, the moet d e t a i l e d  computational schemes i 
could be chosen t o  perform t h e  study. 

One of t he  primary advantages of t h e  computer program design advanced 

i n  t h i e  r e p o r t  is its a b i l i t y  t o  opera te  i n  a s imula t ion  mode. 

a t t e n t i o n  has  been paid t o  s e t t i n g  up, within the overall modular s t r u c -  

Carefu l  

t u r e ,  a module t h a t  permi ts  t h e  a n a l y s t  t o  assume he knows exac t ly  what 

i s  occurr ing  during the  f l i g h t  and t o  check his es t imat ion  r o u t i n e ' s  

c a p a b i l i t y  of reproducing this t r a j e c t o r y .  

has been omit ted in many t r a j e c t o r y  determinat ion programs. By using 

t h e  s imula t ion  c a p a b i l i t y ,  t he  ana lys t  can a lso  determine t h e  v a l i d i t y  

or non-val idi ty  of s t a t i s t i c a l  accuracy s t a t emen t s  r e s u l t i n g  from pre- 

f l i g h t  e r r o r  propagat ion s t u d i e s .  These accuracy s t a t emen t s  have a ten- 

dency t o  be over ly-opt imis t ic  snd can in f luence  a c t u a l  t r a j e c t o r y  estima- 

ti on c o'nput a t i  om.  

The major change from t h e  s i rnulat ion mode t o  t h e  a c t u a l  t r a j e c t o r y  

This  s imula t ion  c a p a b i l i t y  

e s t ima t ion  mode invo lves  a change i n  t h e  inpu t  measurement data. 

s imula t ion  mode, i t  is assumed t h a t  t h e  t r a j e c t o r y  is known exac t ly  and 

then ,  based upon t h a t  h o r n  t r a j e c t o r y ,  t he  c o r r e c t  measurement d a t a  are  

corrupted  by random and b i a s  errors. 

.Lo reproduce the known t r a j e c t o r y .  During a n  a c t u a l  f l i g h t ,  however, the 

measurement d a t a  a r e  recorded from Earth-based or  on-board senso r s  and 

In t h e  

The e s t ima t ion  r o u t i n e  next  a t t empt s  

a r e  processed immediately by t h e  e s t ima t ion  module. For ObViOUS reasons ,  

t h e  module that knows the t r a j e c t o r y  e x a c t l y  w i t h i n  t h e  s imula t ion  scheme 

is by-passed a l t o g e t h e r  when an a c t u a l  t r a j e c t o r y  i s  being estimated. 

2 



The computer program design discussed i n  t h i s  r e p o r t  a t t empt s  t o  

s a t i s f y  s imultaneously the  t h r e e  opera t ing  mode requirements.  Since many 

of t h e  computational op t ions  t h a t  a r e  used i n  a mission a n a l y s i s  t a d  

are also app l i cab le  t o  the  s imula t ion  and a c t u a l  t r a j e c t o r y  es t imat ion  

problems, much unnecessary and redundant programming e f f o r t  cun be omit ted 

by cons t ruc t ing  such a f l e x i b l e  program. 

Before d i scuss ing  i n  d e t a i l  t he  e s s e n t i a l  PhilOSOphy behind the 

computer program design,  i t  is worthwhile t o  motivate  t h e  d iscuss ion  

by r e c a l l i n g  t h e  problems t h a t  t h e  program i s  cons t ruc ted  t o  solve. 

Although the  modular design could be extended, by making some necessary 

modi f ica t ions ,  t o  handle boost  and re-entry phases of i n t e r p l a n e t a r y  

f l i g h t ,  i n  i ts  c u r r e n t  s t a t e  t h e  designed-program c o n s t r a i n s  i t s  a t t e n t i o n  

t o  t h e  t r a n s f e r  phase of t h e  i n t e r p l a n e t a r y  mission. T h i s  t r a n s f e r  phase 

begins  a t  i n j e c t i o n  or  boost cut-off  and extends t o  some pre-determined 

tarRet cond i t ions  in t h e  neighborhood of a t a r g e t  g r a v i t a t i o n a l  body. 

Within the  t r a n s f e r  phase are pe r iods  during which the  s p a c e c r a f t  i s  

tracked by Earth-based or on-board sensors and the pos i t ion  and velocity 

of t h e  spacec ra f t  is subsequent ly  es t imated,  based upon the tracking 

information.  I n  a d d i t i o n ,  dur ing  the t r a n s f e r  phase and as a r e s u l t  of 

t l e  e s t ima t ion  process ,  impulsive midcourse guidance c o r r e c t i o n s  may be 

imparted t o  the  s p a c e c r a f t  so t h a t  the t r a j e c t o r y  more nea r ly  meets t he  

p re sc r ibed  t a r g e t  condi t ions .  

A t  l e a s t  f i v e  d i f f e r e n t  " c r i t i c a l  problem areas" can be s ing led  out  

w i th  r e spec t  t o  an a n a l y s i s  of t he  i n t e r p l a n e t a r y  t r a n s f e r .  The f i r s t  

of t h e s e  concerns the  computation of accu ra t e  nominal or r e f e r e n c e  

3 



t r a j e c t o r i e s .  

s t a t e  t r a n s i t i o n  mat r ices  t h a t  r e l a t e  l i n e a r  pe r tu rba t ions  about t h e  

nominal t r a j e c t o r y  from one time t o  another .  A t h i r d  problem a rea  ie 

t he  midcourse guidance pol icy  -- when should c o r r e c t i o n s  be made and 

how should they be determined. Related t o  these  midcourse c o r r e c t i o n s  

is the  f o u r t h  problem. One needs t o  know how accura t e ly  the  s p a c e c r a f t  

can follow i t s  commands and what is t he  a f f e c t  on t he  nussion of  e r r o r s  

in a idcourse  guidance execution. The f i f t h  major problem concerns the  

e n t i r e  f i l t e r i n g  o r  es t imat ion  appara tus  that i s  designed t o  y i e l d  pos- 

ition and v e l o c i t y  estimates from t he  measurement data. A l l  of these 

problems are d iscussed  i n  the  companion a n a l y t i c  r e p o r t  and a r e  simply 

l i s t e d  he re  t o  i n d i c a t e  the complexity of the  i n t e r p l a n e t a r y  t r a n s f e r  

a n a l y s i s  problem. 

Another cons idera t ion  d e a l s  wi th  t h e  c a l c u l a t i o n  of 

With these  problem areas i n  mind, one can now de f ine  more a c c u r a t e l y  

the  r o l e  that the  designed a n a l y s i s  program w i l l  p lay .  As a p a r t i c u l a r  

example, suppose that the  program is  opera t ing  i n  i ts  mission analysis 

mode. I n  that mode, the program would determine answers t o  such ques t ions  

as t h e  following: 

(1). For e s p e c i f i e d  t r a n s f e r  t r a j e c t o r y  t o  Mars, w h a t  is ‘;he 

func t iona l  dependence of t h e  accuracy of t h e  es t imated  p o s i t i o n  near  t h e  

t a r g e t  upon e r r o r  sources  such as e r r o r s  at i n j e c t i o n ,  both random and 

bias e r r o r s  in t he  t r ack ing  instruments ,  e r r o r s  i n  midcourse c o r r e c t i o n  

execut ion,  and e r r o r s  in g r a v i t a t i o n a l  or  as t ronomical  cons t an t s?  

( 2 ) .  For a s p e c i f i c  mission, w h a t  nominal t r a j e c t o r i e s  a r e  least  

s e n s i t i v e  t o  t h e  aforementioned e r r o r  sources? 

4 



( 3 ) .  For a p a r t i c u l a r  i n t e r p l a n e t a r y  t r a n s f e r  with presc r ibed  

p o s i t i o n  and ve loc i ty  accuracy-  on the  t a r g e t  condi t ions ,  w h a t  combin- 

a t i o n s  of  numerical error from each known error ~ o u r c e  are permiss ib le?  

A l l  of t h e s e  ques t ions  a r e  concerned w i t h  prel iminary mission 

s p e c i f i c a t i o n .  

would doubt less  be important  both i n  s e l e c t i o n  of t h e  f i n a l  mission 

design and i n  t h e  numerous t rade-of f  s t u d i e s  undergone i n  a n  engineer ing  

process .  

The paramet r ic  s t u d i e s  t h a t  answer t h e  above ques t ions  

Equally important  ques t ions  can be answered by exe rc i s ing  the  

program i n  each of its o t h e r  two modes. 

mode, t he  program's most important  r e s p o n s i b i l i t y  i s  determining whether 

o r  no t ,  f o r  var ious  approximating assumptions, the  e s t ima t ion  procedure 

w i l l  indeed converge t o  t h e  t r u e  t r a n s f e r  t r a j e c t o r y .  

f l i g h t  is underway, the program ope ra t e s  i n  i ts t h i r d  mode, e s t ima t ing  

t h e  t r a n s f e r  t r a j e c t o r y  from r e a l  measurement da t a  and determining midcourse 

c o r r e c t i o n s  based upon some s p e c i f i e d  and automated guidance pol2cy. 

When ope ra t ing  i n  i t s  s imula t ion  

When an a c t u a l  

Some d e f i n i t i o n  of the special  terms t o  be used i n  this report  dl1 

probably f a c i l i t a t e  i ts  reading.  With r e s p e c t  t o  the designed program, 

the  express ions  mode, nodule, and model r i l l  be used quite f requent ly .  

The term mode has been chosen t o  r ep resen t  any of t h e  t h r e e  b a s i c  purposes 

for which the  program has been constructed.  The t h r e e  ope ra t ing  modes 

for t he  program have a l r eady  been defined. A module, on t h e  o t h e r  hand, 

is a s t r u c t u r a l  block wi th in  t h e  program that con ta ins  c o n t r o l  and comp- 

u t a t i o n a l  log ic .  These modules, which permit v a r i a t i o n s  i n  opera t ing  

modes and computational schemes wi th  a , a i d m u m  of change, form t h e  

5 



sub-structure  of  t h e  program and a r e  t h e  source of program f l e x i b i l i t y .  

The t h i r d  term, model, is used t o  r e f e r  t o  s p e c i f i c  computational schemes 

needed by the program. For example, one can speak of  s eve ra l  d i f f e r e n t  

models f o r  computing s t a t e  t r a n s i t i o n  ma t r i ces  i n  t h e  i n t e r p l a n e t a r y  

problem. 

ou t  a f f e c t i n g  t h e  basic sub - s t ruc tu re  of the program. 

Models gene ra l ly  appear within modules and can be changed with- 

The next chap te r  of t h i s  r epor t  d e a l s  exc lus ive ly  w i t h  t he  modular 

s t r u c t u r e  of the "ul t imatet '  program f o r  i n t e r p l a n e t a r y  a n a l y s i s .  I n  t h e  

next  chap te r ,  t h e  s p e c i f i c  modules comprising t h e  s t r u c t u r e  are i d e n t i f i e d  

i n  de ta i l  and t h e  f l e x i b i l i t y  of t he  design i s  demonstrated i n  a h e u r i s t i c  

fashion. 

apparent  as t h e  p a r t i c u l a r  modules are de f ined  and t h e i r  i n t e r l o c k i n g  

d u t i e s  are enumerated. An appendix referenced i n  the  next chap te r ,  Appendix 

I ,  con ta ins  l o g i c a l  flow c h a r t s  f o r  t hese  modules. 'l'hese flow c h a r t s ,  

r e p r e s e n t i n g  i n  some cases a l r eady  coded c o n t r o l  s ta tements ,  sholrld be 

v a l i d  f o r  a l l  t h e  t a s k s  t h e  "ul t imate"  program might perform. 

The philosophy behind t h e  designed s t r u c t u r e  w i l l  become piore 

The t h i r d  chap te r  e x p l a i n s  a t u t o r i a l  ;7ro.'rt"dm that has been a c t u a l l y  

coded, within t h e  b a s i c  modular s t r u c t u r e ,  t o  demonstrate t h e  way i n  which 

t h e  modules t i e  together .  Due t o  f i n a n c i a l  l i m i t a t i o n s  under t h e  cu r ren t  

c o n t r a c t ,  t h e  computational models f o r  t h e  t u t o r i a l  program a r e  extremely 

s imple and are seve re ly  l i m i t e d  i n  t h e i r  real-world app l i ca t ion .  

l ess ,  they a r e  va luab le  because they demonstrate an a c t u a l  implementation of  

t he  designed modular s t r u c t u r e .  I n  a d d i t i o n ,  s i n c e  more s o p h i s t i c a t e d  

models could e a s i l y  be in seF ted  without t oo  much d i f f i c u l t y ,  t h e  

t u t o r i a l  progran! r e p r e s e n t s  t h e  first s t e p  toward development of t h e  

Neverthe- 
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u l t i m a t e  program. The flow c h a r t s  and l i s t i n g s  f o r  t h i s  t u t o r i a l  program 

appear  i n  Appendix 11. 

In chap te r  I V ,  numerical r e s u l t s  generated by t h e  t u t o r i a l  program 

are presented. Again i t  should be s t r e s s e d  t h a t  s i n c e  t h e  r e s u l t s  are 

based  upon overly-simple computational models, l i t t l e  s i g n i f i c a n c e  should 

be assigned t o  t h e  numbers themselves. What is most important i n  t he  

chap te r  on r e s u l t s  i s  the na tu re  o r  q u a n t i t a t i v e  a spec t  of t h e  numbers. 

I n  oth& words, t h e  r e s u l t s  show w h a t  kind of quest ions can be answered 

by t h e  program r a t h e r  than p a r t i c u l a r  numcrical values  of any s p e c i a l  

signi f i cance . 
It is thought t h a t  t h e  program design presented i n  t h i s  document 

r e p r e s e n t s  t h e  first s t e p  toward a t r u l y  comprehensive i n t e r p l a n e t a r y  

a n a l y s i s  ,:ool. S p e c i a l  c a r e  was taken i n  designing t h e  modular s t r u c t u r e  

t o  i n s u r e  t h a t  t h e  program would indeed be f l e x i b l e  end would permit 

changes with a minimum of e f f o r t .  Thus, f o r  example, i f  a more sophis- 

t i ca ted  guidance po l i cy  were developed, i t  could be i n t e g r a t e d  i n t o  .the 

existing program without undue expenditure of effort. In  addition, by 

developing a modular program t o  handle such a v a r i e t y  of i n t e r p l a n e t a r y  

t a s k s ,  i t  seems as i f  much of  t h e  customary d u p l i c a t i o n  of work has been 

circumvented. 

What has a l r eady  been coded and developed wi th in  t h e  program desi,= 

is no t  extremely use fu l .  An i d e a l  f i n a l  program, based upon t h e  modular 

s t : -ucture  presented i n  this document, would inc lude  a mult i tude o f  comp- 

u t a t i o n a l  models covering a l l  ranges of  t e c h n i c a l  s o p h i s t i c a t i o n .  These 

models o r  op t ions  would be l o c a t e d ,  conceptual ly ,  within t h e  do t t ed  blocks 

of t he  design flow c h a r t s  given i n  t h e  first Appendix. 'to use t h e  prog-am, 
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the analyst would simply read i n  an input etatement specifying the oper- 

at ional  mode and concomitant computational model8 needed to handle a 

particular problem. 

program is  real izable  within the framework of the modular design advanced 

i n  this report. 

It is BUgge6ted that such a comprehensive analysis 



11. ULTIMATE PROGRAM DESIGN 

The purpose of  t h i s  chap te r  of the  r e p o r t  is t o  expla in  i n  d e t a i l  

t h e  conceptual  des ign  of a computer program that would perform all the 

t a s k s  discussed i n  the  in t roduct ion .  More s p e c i f i c a l l y ,  t h i r t e e n  nodules 

t h a t  would form the  sub - s t ruc tu re  of t h e  u l t ima te  program will be presented  

toge the r  with a d iscuss ion  of t h e  manner in which these  modules would 

func t ion .  

It is important t o  review b r i e f l y  t h e  major cons ide ra t ions  t h a t  l e j  

t o  the modular s t r u c t u r e  t o  be presented. Past experience with large 

computer programs emphasized t h a t  f l e x i b i l i t y  is a c h a r a c t e r i s t i c  of all 

good arograms. With r e s p e c t  t o  the  designed program f o r  i n t e r p l a n e t a r y  

analysis, two s p e c i f i c  kinds of f l e x i b i l i t y  were sought. The f i r s t  kind 

could be c a l l e d  computational f l e x i b i l i t y .  By computational f l e x i b i l i t y  

we mean the  a b i l i t y  t o  change o r  r e p l a c e  a c t u a l  p o r t i o n s  o f  t he  computa- 

t i o n a l  process  without s e r i o u s l y  a l t e r i n g  t h e  o v e r a l l  program. 

f a c t o r  is v i t a l l y  important  i n  any i n t e r p l a n e t a r y  analysis program. 

This  

AS 

an example of t he  importance of computational f l e x i b i l i t y , i n  t h e  procram 

under cons idera t ion ,  one need only c i t e  t he  numerous new and p o t e n t i a l l y  

powerful midcourse guidance p o l i c i e s  that a r e  c u r r e n t l y  being developed. 

To prevent  the  program from becoming obso le t e ,  i t  must be designed so 

t h a t  new guidance laws can easily be incorpora ted  i n t o  the  e x i s t i n g  l o g i c a l  

flow. 

The second kind of f l e x i b i l i t y  included i n  t h e  design c r i t e r i a  was 

opera t iona l  f l e x i b i l i t y .  

touched upon i n  t h e  i n t r o d u c t i o n  and r e f e r s  t o  t h e  p rograa ' s  a b i l i t y  t o  

T h i s  f a c e t  of t h e  designed program was b r i e f l y  
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opera t e  on s e v e r a l  d i f f e r e n t  c l a s s e s  of problems. Since the computa- 

t i o n a l  s o p h i s t i c a t i o n  r equ i r ed  f o r  a real- t ime t r a j e c t o r y  es t imat ion  

program is, i n  gene ra l ,  an order  of magnitude g r e a t e r  than that heeded 

f o r  p re - f l i gh t  parametr ic  s t u d i e s  of var ious kinds,  i t  is cu r ren t  p r a c t i c e  

t o  use s e p a r a t e  programs for t he  two tasks .  Nevertheless ,  t he re  is enough 

over lap  i n  t h e  two c l a s s e s  of problems t o  j u s t i f y  c r e a t i n g  a s i n g l e  

program wi th  a s i n g l e  modular s t r u c t u r e  t o  handle both jobs.  

computational models or op t ions  of d i f f e r i n g  l e v e l s  of  t echn ica l  sophis- 

t i c a t i o n  .avai lable  t o  t h e  program, the  a n a l y s t  can then choose t h e  comp- 

u t a t i o n a l  complexity needed t o  s a t i s f y  the requirements  of any p a r t i c u l a r  

study. Thus, by varying an i n i t i a l  inpu t  statement, t he  computation of 

s t a t e  t r a n s i t i o n  ma t r i ces  a long  the  t r a n s f e r  t r a j e c t o r y  might be changed 

from simple numerical  d i f f e r e n c i n g  based upon two-body aDproximations 

t o  f o u r t h  o rde r  Runge-Kutta i n t e g r a t i o n  of the  f u l l  v a r i a t i o n a l  equat ions 

r ep resen t ing  d e v i a t i o n s  about t he  nominal t r a j e c t o r y .  

By making 

A n  added inducement t o  making the program ope ra t iona l ly  f l e x i b l e  

was t h e  r e a l i z a t i o n  t h a t  t h e  program shou i i  have a s imula t ion  c a p a b i l i t y .  

The a p p l i c a t i o n  of advanced es t imat ion  theory to t r a j e c t o r y  problems is 

n o t  new; however, t h e r e  remain some computational d i f f i c u l t i e s  a s soc ia t ed  

wi th  t h e  a p p l i c a t i o n  that have not  ye t  been s a t i s f a c t o r i l y  r e c t i f i e d .  

I f  a s imula t ion  c a p a b i l i t y  is inc luded  i n  an i n t e r p l a n e t a r y  program, t h e  

a n a l y s t  has t he  oppor tuni ty ,  a f t e r  t he  Itission has been def ined ,  t o  check 

t h e  v a l i d i t y  of his es t ima t ion  process  as well a6 the  degree of r e a l i s n  

of his pre - f l i gh t  e r r o r  propagat ion s tuc5es.  When an a c t u a l  i n t e r p l a n e t a r y  

mission i s  about t o  be flown, t h e  s imula t ion  c a p a b i l i t y  can be used to 
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determine such t h i n g s  a8 t h e  q u a n t i t a t i v e  e r r o r  induced i n  t h e  zstimaticr.  

procedure due t o  fa i lure  t o  model c o r r e c t l y  a l l  the  numerou6 e r r o r  e o u r c e ~ .  

I n  a d d i t i o n ,  by e x e r c i s i n g  t h e  program i n  its s imula t ion  mode, during 

which one po r t ion  of t he  program is assumed omniscient and knows the  

t r a j e c t o r y  e x a c t l y ,  a c e r t a i n  degree of f a m i l i a r i t y  with the program's 

ope ra t ion  can be obtained t h a t  could prove to  be i n v a l w b l e  i f  necul iar-  

i t i e s  occur during the  a c t u a l  f l i g h t .  

Two o the r  concerns during t h e  design process were promam e f f i c i e n c y  

and s i m p l i c i t y .  With r e spec t  t o  e f f i c i e n c y ,  an at tempt  was made t o  write 

t h e  program with a minimum of For t r an  statements and computational models. 

The u s e  of machine language, p a r t i c u l a r l y  i n  those  modules whose primary 

func t ion  is program c o n t r o l ,  would probably improve even more t h e  e f f i c i ency  

of t he  program. S impl i c i ty  was considered very important f o r  use of the 

program. I n  p a r t i c u l a r ,  t he  inpu t  requirements have been def ined i n  such  

a way as  t o  make t h e  program r e a & l y  a c c e s s i b l e  t o  someone not f t imiliar 

w i th  a l l  t h e  program's inner workings. 

c l e a r l y  labeled for easy r ecogn i t ion  and i n t e r p r e t a t i o n .  

The program ou tpu t s  have a l s o  been 

The r e s u l t  of t h e  design p rocess  i s  a modular s t r u c t u r e  for t he  

o v e r a l l  computer program t h a t  i s  given &hematical ly  i n  Figure 11-1. 

d i f f e r e n t  arrows i n  the f i g u r e  i n d i c a t e  pa ths  that t h e  information flow 

might follow for d i f f e r e n t  c l a s s e s  of problems. Bas i ca l ly ,  t h e r e  a r e  

thi r teen i d e n t i f i a b l e  modules, t o  be discussed below, that can be broken 

The 

i n t o  f o u r  convenient groups according t o  t h e  type of  f u n c t i o n  they perform. 

The first group, c a l l e d  The m e c u t i v e  Group, c o n s t i t u t e s  what might g e n e r a l l y  

be c a l l e d  t h e  "main program" and i s  concerned with the c o n t r o l  of t h e  
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HOWU DESCRIPTION 

Symbol 

EXMI. 

EWi 

EX43 

NTM 

PSIM 

HM 

AUXM 

POW1 

INliM 

DYNH 

OBSM 

N A W  

G U I I m  

CONTM 

Kame Function 

Executive lilodule 1 Control analysis on a t r a j e c t o r y  
pass  bas i s .  

i h e c u t i v e  Module 2 Control a s i n g l e  t r a j e c t o r y  pass 
on an dvent basis .  

Kxecutive Module 3 Control a n a l y s i s  on a computation 
cycle  and navigat ion cycle  bas i s .  

* e * * * * *  

Nominal Tra jec to ry  Module Generate nominal t r a j e c t o r y .  

PSI Module 

H-Natrix Module 

Auxi l ia ry  Module 

Po l i cy  Module 

Generate state t r a n s i t i o n  matr ices  
as needed. 

Compute observation matrix a t  
navigat ion epochs. 

* + * * * * *  

Preprocessing of input  da t a ,  pos t  
processing of output data .  

Generate midcourse c o r r e c t i o n  
matr ices  in accordance wi th  guidance 
po l i cy  model. 

1nforrr.ation Module Control all data  p r i n t o u t .  
+ * . * + * +  

Dynamics Module Propagate t r u e  state d a t a  'falong" 
nominal t r a j ec to ry .  

Observation Module Compute observat ion data from s t a t e  
data .  

Navigation Module 

Guidance Module 

Control Module 

Cclmpute state est imate  and related 
data. 

Compute midcourse guidance c o r r e c t i o n  
and r e l a t e d  data. 

Compute execution e r r o r s  and r e l a t e d  
data. 
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program's l o g i c a l  flow. 

as The Supporting Grow. This group c o n s i s t s  o f  t r a j e c t o r y  dependent 

modules whose purpose 18 to supply computations of t h e  nominal t r a j e c t o r y ,  

s t a t e  t r a n s i t i o n  matrices, and observat ion matrices.  

A second group of modules ha8 been designated 

The Dynamics Group of modules, which comprise t h e  t h i r d  groupinq,  

is involved n r imar i ly  i n  the  cycle-by-cycle e s t ima t ion  process m d  t h e  

computation of a s soc ia t ed  covariance matrices. Included wi th in  t h i s  

group a r e  one module t h a t  performs r e c u r s i v e  or non-recursive f i l t e r i n g  

and another  that computes a c t u a l  s ta te  v e c t o r  information t o  be used when 

the  program is being exe rc i sed  i n  i ts  simulat ion mode. The f inal  group, 

c a l l e d  The Auxil iary Group, c o n s i s t s  o f  t he  remaining three modules that 

cannot be l e g i t i m a t e l y  lumped i n t o  one of t he  o t h e r  ca t egor i e s .  These 

d i v e r s e  modules deal  with such items as processing input-output da t a ,  

c o n t r o l l i n g  d a t a  p r i n t o u t ,  and gene ra t ing  midcourse c o r r e c t i o n  matr ices  

i n  accordance w i t h  a s p e c i f i e d  guidance policy. 

A. The Executive Group 

The three modules t h a t  comprise the  Executive Group are designated 

in Figure 11-1 as EXMl, ExM2, and EXM3. The purpose of t hese  modales i s  

t o  c o n t r o l  the l o g i c a l  sequence of t h e  e n t i r e  program. A t  t he  p re sen t  

t i m e ,  EUU has n o t  been designed i n  d e t a i l  al though i t s  func t ions  are  

enumerated i n  the schematic flow c h a r t  found i n  Appendix I. The same 

statement h o l d s  t r u e  for those p o r t i o n s  of  EXM2 t h a t  were no t  needed f o r  

the t u t o r i a l  program. 

a l l  of EXMl should even tua l ly  be w r i t t e n  i n  machine language t o  i n c r e a s e  

the  program's o v e r a l l  e f f i c i e n c y .  

'It is be l i eved  t h a t  p a r t s  of EXM2 and v i r t u a l l y  
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Module EXM1 i s  at t h e  h ighes t  execut ive l eve l ,  It  c o n t r o l s  the  

program on a t r a j e c t o r x  run  b a s i s ,  making a v a i l a b l e  a l l  p e r t i n e n t  d a t a  

as well as s t a r t i n g  and terminat ing each run. Its o t h e r  purposes include 

c o n t r o i l i n g  access  t o  i nd iv idua l  run i n p u t s  i n  a mul t ip l e  r u n  ope ra t ion  

and communicating with A U U ,  an input-output module, on those runs tha t  

are  beir:g genera ted  by random va r i ab le s  for konte Carlo procassing. 

The second executive module, 5XM2, e x e r c i s e s  program cont ro l  on an 

- event basis. 

of the u l t imate  program and i s  worth de f in ing  i n  some d e t a i i  with r e s p e c t  

t o  U 2 .  

The event concept i s  of fundamental importance i n  the desibm 

An a r b i t r a r y  number of d i s c r e t e  p o i n t s  along the nominal tra- 

j e c t o r y  a r e  designated as events. 

cons ide ra t ions  (for example, a pre-determined time of midcourse c o r r e c t i o n )  

o r  may be chosen by the  a n a l y s t  f o r  some computational reason,  such BS a 

poin t  where the  dynamic model can be conveniently changed. A t  a l l  events ,  

through the c o n t r o l  of EX&', the  c a p a b i l i t y  exist8 t o  change parameter 

va lues ,  t o  s p e c i f y  d i f f e r e n t  computational models, and t o  vary  the  p r i n t e d  

output,  

These may a r i s e  n a t u r a l l y  Tram mission 

Events where midcourse guidance corrections are computed are termed 

Since a great many observation-navigation p o i n t s  may "Guidance Zvents". 

be involved, they a r e  r e f e r r e d  t o  as "Navigation Epochs" and a r e  not  

g e n e r a l l y  given event status. 

Exery event  has  an a s s o c i a t e d  ESN (Event Sequence Number) and a 

corresponding TGV (Time of hbent).  These q u a n t i t i e s  a r e  i n p u t  as two 

a r r a y s  of l i k e  dimension, with the  f i x e d  poin t  ESN1s n e c e s s a r i l y  i n c r e a s i n g  

as the corresponding TEVIs increase.  

a r e  i d e n t i f i e d  by the a r r a y  ( G E V )  of t h e i r  Event Sequence Numbers. 

Events t h a t  a r e  also guidartce even t s  



A t  each event ,  FJM2 is  s i g n a l l e d  and comes i n t o  the process t o  

exerc ise  cont ro l .  EXM2 r e a d s  a deck of c a r d s  t h a t  con ta ins  d l  the  

i n p u t  necessary t o  call the  d e s i r e d  computational models as sub-rout inee,  

perform the r e q u i s i t e  i n i t i a l i z a t i o n  processes ,  and introduce new data .  

i b e n t u a l l y  XXM2 would be progammed i n  machine language f o r  g r e a t e r  

e f f i c i e n c y .  

The t h i r d  executive module, EXM3, c o n t r o l s  the program on a compu- 

t a t i o n  and nav iga t ion  cyc le  basis. I ts  i n t e r n a l  s t r u c t u r e  has been 

completed and i s  given i n  the flow c h a r t  i n  Appendix I. One of the  t a sks  

of EXPI3 i s  t o  keep t r a c k  of a l l  the d i f f e r e n t  times needed by the program. 

The c u r r e n t  ve r s ion  of XXM3 con ta ins  two time r e g i s t e r s ,  TI) denoting 

Dynamics Time .and TN denoting Mavigation Time. 

more s o p h i s t i c a t e d  t r ack ing  model would r e q u i r e  a d d i t i o n a  time r e g i s t e r s  

i n  W13. 

It i s  conceivable t ha t  a 

The module XXM3 a l s o  s e t s  va r ious  dec i s ion  f l a g s ,  which a r e  i n d i c a t e d  

i n  the flow c h a r t  by symbols ending i n  F. The two most important of these  

d e c i s i o n  f l a g s  a r e  IPRNTF and IZVF. The f i r s t  o f  these c o n t r o l s  the  

frequency of data p r i n t o u t  while the  second :lag d i r e c t s  t h e  l o g i c a l  f low 

back up i n t o  EXM2 a f t e r  any computation cycle terminat ing a t  an Event Time. 

The Xxecutive Group of modules i s  c u r r e n t l y  the  group t h a t  i s  dasigned 

i n  the  l e a s t  d e t a i l .  I n  working upwards i n  s o p h i s t i c a t i o n  from the  t u t o r i a l  

program, considerable  e f f o r t  should be expended on the Ekecutive Group. 

I n  a d d i t i o n ,  i t  must be poin ted  out t h a t  no computational model op t ions  

are a v a i l a b l e  t o  these c o n t r o l  modules and hence c a r e f u l  a t t e n t i o n  should 

be paid. .  i n  t h e i r  eventual  imp::ementstion, t o  bu i ld ing  a c o n t r o l  f l e x i b i l i t y  

t h a t  i s  commensurate with the f l e x i b i l i t y  of the r e s t  of  the program. 
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B. The Supporting Group 

The three  modules t h a t  make up The Supporting Group a l l  provide 

computational data t o  dXM3. A s  shown i n  Figure 11-1, these three  

modules itre PSIK, NTIVI, and HM. The four th  module feeding i n t o  W 3  i s  

discussed i n  ':'tie s u x i l i a r y  tiroup. 

Module N'mi i s  r e spons ib i e  f o r  nominal t r a j e c t o r y  computations. l t 8  

core i s  a computational model tha t  advances the values  f o r  the nominal 

t r a j e c t o r y  from the l a t e s t  time t o  a next time def ined by an  increment 

A t .  Provis ion  has been made f o r  the increment A t  t o  be computed i n t e r n a l l y  

where desired.  

I n  kp2endix I,  a b r i e f , f l o w  c h a r t  of NTM as i t  would appear i n  the 

u l t ima te  program i s  given. The importance of t h i s  flow c h a r t  i s  the do t t ed  

blacK box e n t i t l e d  model i n s e r t .  I n  the ul t imate  probTa.m, severa l  compu- 

t a t i o n a l  modeis would be s t o r e d  here ,  t o  be c a l l e d  upon a t  the  a n a l y s t ' s  

p rerogat ive .  A s  an  example, th ree  of these opt ions might be two-bodj. 

approximation, v i r t u a l  mass t r a j e c t o r y  generat ion,  and h c k e  i n t e g r a t i o n .  

3y r ead ing  i n  an input  statement,  the a n a l y s t  would a c t i v a t e  tne C O Q ~ U -  

t a5 iona l  technique he d e s i r e d  t o  use f o r  computing the  nominal trajectory. 

Module PSIM, which i s  r e spons ib l e  f o r  the s t a t e  t r a n s i t i o n  mat r ix  

comsutations,  a l s o  snows a d o t t e d  black box i n  which severa l  a v a i l a b l e  

computational models might be s tored .  Idea l ly ,  d i f f e r i n g  i e v e l s  of 

co:nputational s o p h i s t i c a t i o n  i n  computing the s t a t e  t r a n s i t i o n  matr ices  

would be a c c e s s i b l e  t o  the  program a t  t h i s  po in t  i n  the  flow. 

op t ions  might range from state t r a n s i t i o n  ma t r i ces  based upon conic s e c t i o n  

t r a j e c t o r i e s  t o  fo,ar th  crder Runge K u t t a  i n t e g r a t i o n  of the v a r i a t i o n a l  

equations.  

Flodel 



The t h i r d  module i n  The Supporting Group has  been denoted by HM. 

I ts  t a sk  i s  t o  take the nominal t r a j e c t o r y  information and compute a 

nominal s e t  o f  obse rva t iona l  data.  I n  a d d i t i o n ,  i t  gene ra t e s  t h e  so- 

c a l l e d  H ma t r ix ,  which i s  needed i n  the e s t ima t ion  process,  t h a t  re la tes  

litiear p e r t u r b a t i o n s  about tne nominal observat ions t o  l i n e a r  per turb-  

a t i o n s  i n  the nominal t r a j e c t o r y .  The flow c n a r t  f o r  iiii i s  a l s o  given 

i n  Appendix I and con ta ins  a do t t ed  black box f o r  the computational 

model i n s e r t .  In  the u l t ima te  program, a s e r i e s  of op t ions ,  r e p r e s e n t i n g  

d i f f e r e n t  k inds  of obse rva t iona l  readings,  would be s t o r e d  i n  t h i s  l o c a t i o n  

t o  be a c t i v a t e d  a t  w i l l  by t h e  ana lys t .  

range from Earth-based Doppler d a t a  t o  on-board sensor information and 

could conceivably inc lude  atmospheric measurements i f  the  program were 

extended t o  inc lude  the r e -en t ry  phase of the  i n t e r p l a n e t a r y  mission. 

Possible  model o p t i o n s  would 
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C. The Dynamcs Group 

This group, which comprlses DYNM, OBSM, NAVM, GUIDM, and CONTM, 

is i n  many ways t h e  c e n t r a l  p a r t  of t he  program and d l c t a t e s  t he  e n t i r e  

logica’l s t r x t u r e  thereof.  A 6  computation progresses  from point  t o  po in t  

a long a normrr . l  t r n , j ec to r<  t h i s  group performs two d i s t i n c t  but  r e l a t e d  

f uric ti on s . 
1)  Thra ~.oai :ut  ~ t f o n  of d o t e  pertaining t o  t h e  ~ c t u a l  t r a j e c t o r y  

!,el+ flown by an off-nominal vehicle  and to contaminated 

ne.> ur-iments a v a i l a b l e  t o  t h a t  veh ic l e  ( o r  a Krolind t r ack ing  

network). 

CmyutaLion of d a t a  that can be regarded as p e r t a i n i n g  t o  a 

s imulat ion of  t h e  v e h i c l e ’ s  navigat ion,  guidance, and c o n t r o l  

SV ST em s . 

2 )  

The acc.xipanying block diagram desc r ibes  the  basi c information flow through 

nodti- e s  of  the  Dynamics Sroup, which is entered on ly  a t  Navigation Epochs. 

P t  



Following are d e s c r i p t i o n 6  of i nd iv idua l  modules within the  Kroup. 

1. Dy namics Module, DYNM 

The duty of this module is t o  keep t r ack  of a l l  necessary 

da t a  p e r t a i n i n g  t o  t h e  a c t u a l  f l i g h t  of an off-nominal veh ic l e ,  i n  

a manner s e p a r a t e  from t h e  est imat ion procedure being simulated i n  

NAVY. Disturbances t o  t h e  system, r e s u l t i n g  i n  the  off-nominal 

behavior being descr ibed include dynamic no i se ,  svstematic  fo rc ing  

func t ions ,  va r i a t5  ons from nominal of systematic  f o r c i n g  func t ions  

involved i n  gene ra t ion  of t h e  nominal t r a j e c t o r y  ie.g. v a r i a t i o n s  

from nominal of a micro-thrust  program or of  programmed impulsive 

maneuvers), and v a r i a t i o n s  from nominal of parameters i n  t h e  Qnarmc 

model (e.@;. parameters of the g r a v i t a t i o n a l  f i e l d ) .  Since the  

Dynamics Group is only entered A t  Navigation epochs, the d i f f e r e n c e  

eaua t ions  employed here  must involve the  cumulative e f f e c t s  over t h e  

navigat ion cyc le  of the  e f f e c t s  just described. Current ly  t h e s e  

cumulative effects  are evaluated i n  PSI.: over t h e  smaller computation 

i n t e r v a l  A t  
a t  each DYNM entry. However, i n  t he  G i t i z a t e  program i t  may prove 

advantageous t o  a l t e r  t h i s  procedure. A s p e c i a l  pas s  16 made th ru  

DYNh af ter  every midcourse c o r r e c t i o n  f o r  t h e  p w p o ~ e  of updating 

dynamics information in accordance with t h e  c o r r e c t i o n  a c t u a l l y  

executed. 

used by t h a t  module x 2  trLe w c e s s a r v  d a t a  t r a n s f e r r e d  D 

'l'wo types of models will be used within t h i s  module, dependirg 

on t h e  mode of a n a l y s i s  being employed. One w i l l  be s t r i c t l y  for 

Fropagat'ng the  covariance matrix of the true s t a t e ,  and w i l i  not 

involve numerical values  of any random v a r i a b l e s  e n t e r i n g  t h e  p i c t u r e .  
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The other, however, will propagate the t r u e  s t a t e  v e c t o r  as i t  16 

a f f e c t e d  by va r ious  numerically inpu t  e r r o r  8ource6. Thi s second 

c l a s s  of models can be employed i n  var ious s t u d i e s  utilizin!; the 

s imula t ion  mode, and a l s o  i n  Monte Carlo analyses.  

The module s t r u c t u r e  i s  b a s i c a l l y  as given by t h e  block 

diagram i n  Appendix I. Two models are provided, hodel A being 

en te red  on a normal Computation when MCCF is 1 for updating a f t e r  

a midcourse co r rec t ion .  

2. Observation Module, OBSM 

Th i s  module has t h e  func t ion  of providing contaminated observ- 

ati.on data t o  the Navigation Module. On t h e  basis cf the Observation 

Matrix H, computed i n  HM, and t h e  t r u e  s t a t e ,  i t  computes data r e l a t e d  

t o  what miFht  be termed a trlie observation. This is t hen  modified 

by the  i n t r o d u c t i o n  of measurement noise and b i a s e s  and s e n t  on t o  

NAVM. F l e x i b i l i t y  is gained by computing H i n  a s e ~ s r 3 t e  module, 

s i n c e  t h e  form of the  equa t ions  employed i n  OBSM are not i n  general  

heav i ly  dependect on choice of coordinate system used f c r  computing 

t h e  Lrajectory r e l a t e d  data. 

I n  t h e  s imulat ion mode the  moGels employed i n  OBSM are expected 

t o  be q u i t e  similar t o  that descr ibed i n  F a r t  111 fo r  the  T u t o r i a l  

Drogram. For covariance matr ix  propagation usage, t he  models will 

probably be "do nothing" models. 

I n  ADpendix I t h e  block diagram f o r  OBSM is given,  and is self- 

exrjlana tory.  



3. NaviRation Module, NAVM 

This module has t h e  funct ion of processing contaminated observ- 

a t i o n  da ta  from uBSM t o  gene ra t e  data p e r t a i n i n g  t o  the s t a t e  e s t ima te  

(which mag be augmented). 

is pre-sented as  a block diagram i n  Appendix 1. As 1s the  case i n  

DVNH, provision j s  made f o r  en t ry  a f t e r  ti midcourse co r rec t ion  for  

the  purpose of undating e s t ima tes  i n  accordance with whatever infor- 

mation i s  a c t u a l l y  a v a i l a b l e  t o  the navigat ion s.ystern. 

The module s t r u c t u r e  is vJry simple and 

L i t t l e  w i l l  be s a i d  here  of model s t r u c t u r e ,  s i n c e  this is 

highly dependent on i n d i v i d u a l  problem formulation and is expected 

t o  vary  widely. A simple example of a model f o r  usage i n  t h e  s i m -  

u l a t i o n  mode is  t h a t  descr ibed i n  the t u t o r i a l  example. For s t u d i e s  

invo lv ing  covariance matrix propagation, a r a t h e r  s o p h i s t i c a t e d  model 

i s  envisioned invo lv ing  a n  augmented s t a t e  of a r b i t r a r y  dimensim. 

It can r e a d i l y  inc lude  propagation of a covariance matr ix  of t h e  

a c t u a l  e r r o r  i n  t h e  e s t ima te  for comparlson with the matrix F beinn 

r e c u r s i v e l y  estimated. 

4. Guidance Module, GUIDM 

I n  GUIDM the s ta te  e s t ima te  from NAVK i s  m e r a t e d  on by means 

of ma t r i ces  generated i n  POLM during a Guidance P rese t  Pass. 

ca se  of models such as those descr ibed i n  P a r t  III for the tutorial 

I n  t h e  

program, the result is a l i n e a r  impulsive v e l o c i t y  c o r r e c t i o n  computed 

for  each midcourse guidance event. 

i n s e r t e d  i n  GUIDM are expected t o  a l s o  inc lude  dec i s ion  processes ,  

which make p o s s i b l e  two things. The f i r s t , a n d  sirnl;lcst, is t he  

jx-ovision of a lower bound on any v e l o c i t y  c o r r e c t i o n  made based on 

Future ver s ions  of models t o  be 



c r i t e r i a  i nvo lv ing  s ta t is t ics  of the execution e r r o r  sources.  The 

second, and much more i n t e r e s t i n g ,  is t h a t  by s p e c i f y i n g  a g r e a t  

many "candidate" midcourse c o r r e c t i o n  p o i n t s  and appropr i a t e  dec i s ion  

processes ,  some of the  newer so-cal led adapt ive guidance laws can 

be  simulated.  

Another a r e a  i n  which t h i s  module is e x p c t p d  to  p l a y  R m a j o r  

role itj that involvinp continuous Kuidance (e.ti;. a ion&:-term micro 

t h r u s t  program). This would r equ i r e  guidance equat ions similar ifi 

c e r t a i n  r e s p e c t s  t o  those employed i n  present  day booster flight. 

It i s  probable that s imula t ion  of such schemes would still involve 

pre-computation i n  POL# of c e r t a i n  d a t a  based on a nominal t r a j e c t o r y ,  

w i t h  GUIDM employing this da%a during normal runs. 

The block diagram f o r  GUIDH is presented i n  Appendix I. This 

is  designed t o  accept  a wide v a r i e t y  of models involving l i n e a r  

impulsive guidance schemes and o the r  more s o p h i s t i c a t e d  schemes t h a t  

can be modeled on t h a t  bas i s .  Upon first e n t r v  at a Guidance even t ,  

MCCF w i l l  be zero and GUIDF one. Except a t  t he  last guidance event 

(when K = KL, at the targe t ) ,  the ve loc i ty  correction will be computed. 

The module does nothing during a second updating pass  t h a t  fol lows 

execut ion of t he  computed co r rec t ion .  

5. Control  nodule, CONTM 

The t a sk  a s s ined  to this model is the execut ion of t h e  guidance 

command computed i n  GUIDM, s u b j e c t  t o  a v a r i e t y  of  c o n t r o l  e r r o r s .  

These inc lude  such t h i n g s  as point ing e r r o r s ,  s c a l e  f a c t o r  error6, 

and bias eryors of  several kinds. Models of wide range in complexity 

21 



will be needed for t h i s  module, depending on the emphasis i n  an 

ana lys i s .  A good example of a s i m p l i f i e d  model 18 that descr ibed 

in P a r t  I11 for t he  t u t o r i a l  program. I t  ope ra t e s  in the s imula t ion  

mode, with numerical va lues  being input f o r  a l l  random e r r o r  sources.  

it also computes s t a t i s t i c a l  d a t a  f o r  NAVM, using p r o b a b i l i t i e s  

condi ti oned on know1 edge of the commanded v e l o c i t y  co r rec t ion .  

Models for the covariance matr ix  propagation mode of a n a l y s i s  

w i l l  be s impler  and highly i d e a l i z e d ,  s i n c e  this por t ion  of t h e  problem 

i s  highly non-linear.  At t he  o t h e r  extreme, models can  r e a d i l y  b e  

generated for handling i n  a r e a l i s t i c  manner t h e  mult i tude of e r r o r s  

t h a t  can a f f e c t  t h e  execution of guidance commands. 

The CONTM block diagram i n  Appendix I accep t s  models involving 

impulsive v e l o c i t y  co r rec t ions .  During a first pass  through the 

module at a guidance event (with MCCF = 0 and GUIDF = 1 )  MCCF is set 

t o  1. T h i s  c o n t r o l s  the l o g i c a l  flow through the  e n t i r e  Dynamics 

group during t h e  second pass  following a gi-idance co r rec t ion .  During 

the second pass ,  MCCF is r e s e t  t o  z r ~ .  

D. Auxi l iary Groue 

T h i s  group i n c l u d e s  models t h a t  are aux;u;rro t o  the b a s i c  program 

and, un l ike  those of t h e  support ing group, do not  f a l l  i n t o  some well 

defined class. lncluded here  are the Pol icy Module FOLri, lnformation 

Module lNFl"1, and Auxil iary Module AUXM. 

1. Po l i cy  Module POLn 

The Po l i cy  kodule func t ions  during a Guidance P r e s e t  run t o  

6;enerate d a t a  t o  be used, during subsequent runs, by t h e  gui  dance 
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system. .Lt does this  on t h e  b a s i s  of the nominal t r a j e c t o r y  computed 

i n  NTt.1. An important analytical c a p a b i l i t y  e x i s t s  herc: in that the 

noicinal t ra , jectory used by POLM does no t  have t o  ag ree  with t h t  

used I n  h t e r  -runs. Thus i t  is  p o s s i b l e  t o  inc lude  i n  a n  analysis 

t he  e f f e c t s  of 1.ising inaccura t e  precomputed iwidance data. The 

version of ?OLM descr ibed by the flow c h a r t  in Appendix I accep t s  

models t h a t  ope ra t e  on s t a t e  t r a n s i t i o n  ma t r i ces  computed i n  P X M  

to ::emrate matrices  f o r  l i n e a r  impulsive guidance laws.  

exazpie of  such a modal is that described i n  Part 111 f o r  the t u t o r i a l  

( A  good 

prorram, whicl- utilizes a f ixed t ime-of-arr ival  guidance c o n s t r a i n t .  

During t h e  Yth e n t r y  i n t o  POLPI (which w i l I  be a t  t h e  Kth guidnrce 

even t ) ,  :'or a].!- K > 1 the  p r e v a i l i n g  v a l u e  oc t h e  s t b t a  t r a n s i t i o n  

m t r i x  froc: PSL. is s t o r e d  as Qk , . 
a t  some t a r g e t  s i t u a t i o n ,  the model i n s e r t  3s entered f o r  computation 

Whm K = KL, denoting a r r i v a l  
--L 

of all guidance d a t a  p e r t a i n i n g  t o  the e n t i r e  t r a j e c t o r y .  

2. Information koduie INFM 

T h i s  module mil. handle a l l  data o u t r u t  funct ions.  A t  each 

e n t r y ,  on t he  bas i s  of flag s e t t i n g s ,  va r ious  blocks of d a t a  are 

cnused t o  be p r i n t e d  out .  This and p r i n t  frequency a r e  discussed 

i n  F a r t  7.11. iiere a few words a r e  i n  o r d e r  concerning the  s t ruc ture  

of the module. Because of the  d i v e r s e  n a t u r e  of  output  d a t a  des i r ed  

a t  d i f f e r e n t  t in?es 'and types  of events ,  i t  appears  d e s i r a b l e  t o  

inco rpora t e  w h a t  may appear t o  be an excess ive ly  l a r g e  number of model 

i n s e r t s .  I t  is important ,  however, t o  maintain g r e a t  f l e x i b i l i t y  of 

ou tpu t ,  and this can be done in such a manner. I t  IG q u i t e  probable, 



however, t h a t  w e l l  defined groups of models can be formed (with 

some obvious d u p l i c a t i o n  involved) ,  each of which can be used with 

n given compatible s e t  of models. T h i s  nebulous nature of TNF'M 

r e s u l t s  d i r e c t l y  from the  f a c t  t h a t  the modular s t r u c t u r e  o f  t h c  

! l l t i m r i t e  FroKram i s  a i m e d  at c r e n t i n g  propam:: t h a t  arc " t t i i l o r  

made" f o r  s p e c i f i c  problems. 

3. Cluxiliary Module AUXM -- 
This module is t o  be used for s p e c i a l  processing of i npu t  

and o u t p u t  data. i t  works wjth GM1, where en t ry  is  e f f ec t ed  onJy 

a t  t h e  hcginninr  a n d  end of a run. Although many of  i t s  d u t i e s  

a r e  undefined a t  t h i s  time, the p a r t  i t  will p l a y  i n  a Monte Carlo 

a n a q s i s  r e p r e s e n t s ,  perhaps, an extreme case. For such an a n a l y s i s  

i t  w i l l  accept  covariance matr ices  descr ibing m u l t i v a r i a t e  Gaussian 

d i s t r i b u t i o n s  (or d a t a  descr ibing o t h e r  d i s t r i b u t i o n s )  , properly 

sample these d i s t r i b u t i o n s  t o  s e l e c t  i n i t i a l  v a l u e s  of all random 

v a r i a b l e s  appearing in t he  s imulat ion,  and a f t e r  t h e  run process  

results so as t o  y i e l d  s t a t i s t i c a l  d a t ?  cn the ontnut  random v a r i a b l e s .  

Because of t h e  l i r m t a t i o n s  imposed b,v t h e  magnitude of the  

presen t  dtudp, no work has been dona t o  f u r t h e r  de f ine  AUXM. 
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111. TUTORlAL PROGRAM 

This s e c t i o n  desc r ibes  i n  a l l  necessary d e t a i l  t he  T u t o r i a l  Program 

t h a t  has  been coded and checked out. 

Ultimate Program a p p l i e s  here  f o r  t he  most p a r t ,  and w i l l  no t  be repea ted  

The desc r ip t ion  i n  P a r t  I1 of the  

as such. In s t ead ,  t he  s i m p l i f i c a t i o n s  made i n  producing the  t u t o r i a l  

v e r s i o n  of that program w i l l  be discussed,  toge ther  w i th  d e t a i l e d  descr ip-  

tions of the  models provided. 

The major a r e a  of s i m p l i f i c a t i o n  has been a t  the  execut ive  l e v e l  - 
i n  p a r t i c u l a r ,  EXHl and EXM2. Most of :he func t ions  i d e n t i f i e d  f o r  EXMI 

and many of those f o r  EXMZ r e q u i r e  a high l e v e l  of programming e f f o r t  

i nvo lv ing  a great deal of machine language. Because of  the l i m i t e d  n a t u r e  

of t h e  p re sen t  c o n t r a c t ,  t h e r e f o r e ,  most of EXMl and p a r t  of EXM2 have 

n o t  been designed. The need for these as y e t  unavai lab le  parts has been 

avoided i n  the  t u t o r i a l  version by assembling program and i n p u t  decks i o  

a convent ional  manner. 

t he  program, but  does not  provide many of t h e  d e s i r a b l e  f e a t u r e s  such as 

automatic  run and d a t a  process ing  c o n t r o l  f o r  Monte Carlo analyses ,  or 

extreme f l e x i b i l i t y  and s i m p l i c i t y  of model change and re-initialization 

a t  event  times. 

t u t o r i a l  ve r s ion  bear l i t t l e  resemblance t o  those forseen  for the ultimate 

proKram. A r e l a t e d  s i m p l i f i c a t i o n  lies w i t h  the  coding of a l l  modules and 

contained models belonging t o  the  Supporting, Dynamics, and Auxi l ia ry  

groups. For each of these  the t u t o r i a l  ve r s ion  has a s i n g l e  subrout.ine 

con ta in ing  all t he  modular logic together with t h e  model, coded i n  such  

a manner that t h e i r  individual identities are partially obscured. 

This a l lows  v e r i f i c a t i o n  of t h e  major concepts  of 

In t h i s  r e s p e c t ,  t he  input-output  procedures  of t he  
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A. Executive Group 

The d i scuss ion  of t h e  func t ions  of the members of the Executive 

Group presented i n  P a r t  IIis, i n  general ,  app l i cab le  here  too. Reference 

should be made t o  t h a t  m a t e r i a l  wherever necessary t o  understand the  

abbreviated desc r ip t ion6  t h a t  follow. Diagrams of t h e s e  modules are t o  

be found wi th  t h e  Main Program l i s t i n g  of Appendix 11. 

I. EXMl 
II 

The t u t o r i a l  ve r s ion  of EXMl has t h e  simple func t ion  of i n i t i a t i n E  

a s e r i e s  of runs ,  keeping a count of those completed, and commanding 

STOP when a p r e s e t  number has been reached. I t  a l s o  s e t s  IGPRF, the 

Guidance P resen t  Flag,  by r ead ing  an i n p u t  card. The i n i t i a l i z a t i o n  

model ZXM1 IN1 s e t s  t h e  cumulative run regis ter  IRUN t o  zero and r e a d s  

a card for IRUNX,  the  

l n t e r n a l  InDut 

External  Input  

Variable  

none 

RUNX 

GPRF 

t o t a l  number of run6 desired.  

Program Symbol Descript ion Source 

IRUNX ;;umber of 2uns in 
E e quem e 

IGPRF Guidance P r e s e t  Flag 

The t u t o r i a l  v e r s i o n  of EXM2, as with the u l t i m a t e  program, 

e x e r c i s e s  c o n t r o l  during i n d i v i d u a l  runs on an Event basis. 

the ESN and TXV r e g i s t e r s  a t  each entr;r, and if t h e  previous event was 

a Guidance Dent, also updates the GEY register. The i n i t i a l i z a t i o n  

f l a g  INIF, however, is act ive only a t  t h e  first event of a run, call ing 

It updates  
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the Input subroutine which performs all i n i t i a l i z a t i o n  f o r  modules 

of hierarchy below the executive l e v e l .  

Variable 

I n t e r n a l  Input - 
GPRF 

- External Input 
ESM( 1 

TEV( 
GEV( 

E S N X  

JL 

KL 

Program Symbol 

IGPRF 

IESN( 

TEV( 

IGEi( 1 
IESNX 
JEVL 

KL 

JEV 

I IESN 

TTEV 
K 

I I G E V  

Description Source 

Guidance Preset Flag EXMl 

Event Sequence No. 

Time of Event array 

Guidance Event array 

f i n a l  ESN 
final U N  index 

final GEV index 

Array 

curren t  ESN index 

current F S N  

current Time of Event 

current GEV index 

currer,t i;Ev 
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3 .  

This module e x e r c i s e s  c o n t r o l  on the b a s i s  of Dynamic6 Time and 

Navigation Time cycles. It 16 i d e n t i c a l  for  both the  u l t ima te  program 

and the t u t o r i a l  vers ion.  For a verba l  d e s c r i p t i o n  of i ts  ope ra t ion ,  

see P a r t  11, and for a block diagram see Appendix 11. 

Variable  Program Symbol Descr ip t ion  Source 

I n t e r n a l  Input  

GPRF IGPRF Guidance P r e s e t  Flag EXMl 
TXV TTEV Time of Next Event Em2 

IIESN ESN Next Event No. EXM;! 

IIGEV GEV Next Guidance Event EXM2 
MCCF MCCF Pddcourse Correc t ion  COMTM 

flag 

None 

Ex te rna l  Input  

ou tpu t  

TD 
TN 

tD 

tN 
NAVF NAW 

PRNTF IPRNTF 

EVF IEVF 

GUIDF IGUIDF 

Dynamics Time 

Navigation Time 

Navigation Flag 
F ri n t  Flag 

Lvent Flag 

Guidance Flag 

B. Supporting G r o q  

T h i s  group inc lude6  NTM, PSIM, and HM. Thei r  func t ions ,  i n  the  order  

given,  a r e  t o  genera te  t h e  nominal t r a j e c t o r y ,  compute s t a t e  t r a n s i t i o n  

m i t r i c e s ,  and compute a s s o c i a t e d  observat ion mat r ices ;  a l l  i n  support  of 
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t he  Dynamics Group computations pe r t a in ing  t o  an off-nominal vehicle.  

NTM and PSIN are e n t e r e d  each Dynamics Time cyc le ,  whereas HM i s  en te red  

o n l y  on a Navigation Time cyc le  bas i s .  Each of these  modules contains  

the  simple logic necessary t o  l i n k  t h e i r  imbedded models t o  hXM3, and 

ore unchanged from the d e s c r i p t i o n s  i n  P a r t I i .  As mentioned before ,  

horever,  for the t u t o r i a l  ve r s ion  both module and model a r e  coded together  

as a s i n g l e  subroutine.  These a r e  listed i n  Appendix T I ,  the contained 

models being cate2:orized a6 S e r i e s  1. This s e r i e s  of sub rou t ines  is 

descr ibed i n  d e t a i l  a f t e r  t h e  following few words on the  manner i n  which 

they "play together". ' 

A t  each incremental  updating of dynamics time tD the following comp- 

u t a t i o n a l  sequence is performed: 

1) I n  NTM the  nominal t r a j e c t o r y  is advanced by means of d i f f e r e n c e  

equat ions based on the  planar d i f f e r e n t i a l  equat ions of motion 

i n  a c e n t r a l  f o r c e  f i e l d .  

2 )  I n  PSIM p e r t u r b a t i o n  equat ions derived from the  NTN Model 1 

equat ions a r e  used t o  update the state trans i t ion  matrix which 

maps the  state ( h e r e i n  def ined as a 6-vector of p e r t u r b a t i o n s  

from nominal of p o s i t i o n  and v e l o c i t y )  a t  the  provioufi naviga t ion  

epoch forvard t o  t h e  new t Also ma t r i ces  a r e  computed which 

g ive  the  cumulative e f f e c t  of one parameter ( t h e  g r a v i t a t i o n a l  

constant  of the  sun), and the cumulative e f f e c t  of white accel-  

D' 

e r a t i o n  noise ;  bo th  over the  same time i n t e r v a l .  

3 )  If the  updated dynamics time is .-- ;&so a Navigation epoch, HM i s  

entered. Here an i d e a l i z e d  earth-based t racking  system is modeled, 
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and the  observa t ion  matrix A is generated r e l a t i n g  pe r tu rba t ion8  

from nominal of t r a c k i n g  measurements t o  the off-nominal veh ic l e  

state. 

1. NTM Nominal ' I ' rajectory Module, Model 1 

This is A s i m p l i f i e d  planar model which generates  a nominal 

t r a j e c t o r y  given i n i t i a l  cond i t ions  on the polar coordinates  r,  8, 

G, 6. 
equat ions of motion is descr ibed in the  Addendum t o  P a r t  111, and should 

be s u f f i c i e n t l y  accu ra t e  t o  form the b a s i s  of a pe r tu rba t ion  study 

i f  t h e  i n t e g r a t i o n  i n t e r v a l  A t  is chosen such < .01. (Note, 

however, t h a t  PSIM Model 1 imposes a lower bound on AtD. 

The approximate procedure used t o  so lve  the  d i f f e r e n t i d  

$ A t  

A t  each e n t r y  i n t o  the  model, &t  is computed by s u b t r a c t i n g  

the  previous value of t from the new value given i t  i n  EXM3. The 

equa t ions  a r e  

D 

A t  = tD - tD(save) 

tD(save) = tD 

The incremental  Changes in t he  nominal state va r i ab le6  r, ;* and 8 

over t h e  i n t e r v a l  A t  are computed by means of the following equat ions 

(no t  numbered as i n  the P a r t  I11 Addendum): 
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Then r ,  ;, and 8 are updated with these increments,  following 

which the new value of 8 18 obtained from the  expression 
0 

0 h e = - -  
2 r e 

I n t e r n a l  Input 

tD TD Dynamics Time 

Source 

kJ343 

r;xternal Input 

Math Program 
Units Descr ip t ion  P 

Symbol Symbol 

r r  R 

8 THETA 

l i  RDOT 
I n i t i a l  
values  

THEDT 

RE 
THEDTE 

rE 
% 

ou tpu t  

r R 

0 THETA 

r RDm I 

e THEDT 

THETAE 

RE 
At DELT 

h H 

QE 
E r 

rad ius  vector  

c e n t r a l  angle  

r e d x l  v e l o c i t y  

angular rate 

c e n t r a l  angle ,  e a r t h  

D previous value of t 
Grav i t a t iona l  constant 

radius vector ,  e a r t h  

c e n t r a l  angle ra te ,  e a r t h  

of sun 

see above 
11 

11 

tt 

11 t l  

Dynamics Time IncFement 

Unit angular momentum 

km 

radians 

km/ks 

rad/ks 

rad 

ks  
krn3/k s2 

km 

rad/ks 



NTM I n i t i a l i z a t i o n  Model 1 

A l l  Ex te rna l  Input  l i s t e d  f o r  MTM Model 1 is en te red  by 

means of this I n i t i a l i z a t i o n  Model. I n  a d d l t i o n  i t  computes 

from t h e  i n i t i a l  cond i t ions  the unit angular momentum for the  

nominal t r a j e c t o r y :  

2 .  h =  r e .  

2. PSIM Model 1 

This i s  a s i m p l i f i e d  model which gene ra t e s  t h e  s ta te  t r a n s i t i o n  

by solving v a r i a t i o n a l  equa t ions  based a 'xt, + At) matrix JI = 1 

on planar equa t ions  of motion i n  a central  f o r c e  f i e l d .  

a ( ~ ,  1 
i 

It is a 

companion t o  N!TN Model 1 which computes t h e  underlying nominal 

t r a j e c t o r y  i n  the same coordinate  system. Model 1 is in t ended  f o r  

use in preliminary ana lyses  where a l a r g e  i n t e g r a t i o n  s t e p  s ize  is 

desired (e.g. a A t  cor reepmding  t o  1" i n  c e n t r a l  ang le ) .  With 

t def  t h i s  i n  mind, a t  each computation step t he  cumulative 9 = 

is updated by p r e m u l t i p l i c a t i o n  by \ k .  Thus a small At (and hence 

a great many computation s t e p s )  may result i n  excessive roundoff 

e r r o r s .  This d i f f i c u l t y  is avoided by p l ac ing  a lower bound on t h e  

A t  employed, depending on the problem being s tudied.  I f  many (e.g. 

s e v e r a l  thousand) observat ion points are t o  be considered, a d i f f e r e n t  

model should probably be used). 

The equat ions include a p e r t u r b a t i o n  of t h e  g r a v i t a t i o n a l  con- 

s t a n t  I.( of the c e n t r a l  f o r c e  f i e l d .  Th i s  has  been done t o  f a c i l i t a t e  

a simple s tudy involving augmentation of t he  s ta te  vector  with one 

1 parameter, and invo lves  gene ra t ion  of t h e  matrix r = 

acl 
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over  the i n t e r v a l  At, where the  v a r i a t i o n  of p is h e l d  constant .  

A t  each computation s t e p  t h e  cumulative r' dEfr - is updated 

by premult iplying by and adding r to t he  r e s u l t i n g  product. 

I n  a similar manner Model 1 also processes  an off-nominal 

a c c e l e r a t i o n  d i s tu rbance  q over each i n t e r v a l  A t .  Currently 

t h i s  t akes  the form of a white noise  a c c e l e r a t i o n  inpu t  obtained by 
t 

means of a random number generator.  The cumulative 18 q t .  ,t 
1 0  

updated by w e m u l t i p l y i n g  by 0 and adding qht t o  the ve1ocit.y 

components of t h e  r e s u l t i n g  product. 

through t h e  use of sub-models, q can inc lude  o t h e r  types of random 

Eventual ly  i t  j.6 planned t h a t ,  

o r  systematic  disturbances. 

The computations performed bv Model 1 a r e  Riven below. 

Reset Pass  This is the  first pass  following a Navigation 

6poch, and is c o n t r o l l e d  by t he  Reset Flag RESF. JI', r ' ,  
- 

and q' a r e  reset  as f O l l O W 6 :  

* ' =  I 

r' = o 

q '  = 0 

H a t r i x  Computation and Updating 

A t  each e n t r y  t h e  elements of \k a r e  computed i n  accord- 

ance with Equations ( 1 )  thru (7) of t h e  P a r t  Iii Addendum. in 

D computing the elements  o f  A, mean v a l u e s  over t h e  i n t e r v a l  A t  

of all q u a n t i t i e s  evaluated i n  m u a t i o n s  (2 )  are used, 
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I n t e r n a l  Input 

Math 
Symbol 

r 
6 
i 

A t ,  A t D  
N A V F  

RESF 

Ekterna l  Input  

Uutput 

q'(6x6) 

r'( 6x1) 

q (3x1) 

q'(6X1) 

Subrout ines  Cal led 

G A M M A P ( I , ~ )  Cumulative parameter matr ix  

qc 1) White no i se  a c c e l e r a t i o n  

QP(1) Curnslati ve dynamic no i se  

d i s tu rbance  

vector 

Program 
Symbol 

Mu 

R 

THm 
RDOT 

DELT 
NAVF 
IRESF 

SIGMQ( I 1 

PSIP( I, J) 

Descr ip t ion  Source 

NTM 

Ern3 
PSIM 

Gravi t a t i  onal Constant 
of sum 

r a d i u s  vec tor  

c e n t r a l  angular  v e l o c i t y  

radial v e l o c i t y  

dynamics time inorement 

Navigation Flag 

Matrix Reset Flag 

Second moments of Gaussien 
d i s t r i b u t i o n s  from which 
the  elements of  q are 
randomly se lec ted .  

Cumulative S t a t e  T r a n s i t i o n  
Matrix 

Function RNUM 

PSIM I n i t i a l i z a t i o n  Model 

a3 * This model computes i n i t i a l  va lues  of t he  a19 a2* 

b y  bZ* b3, and c of  PSIM Model I Appendix, Eqn. (2). 

also i n i t i a l i z e s  t h e  Matrix Reset Flag 

It 

RESF t o  1. 
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3. HM Model 1 

Model 1 is a s i m p l i f i e d  model of an earth-based t r ack ing  system 

intended for use i n  e r r o r  ana lyses  where t h i s  a spec t  of t h e  problem 

is of secondary importance. It assumes t h a t  a t  each observat ion 

time a t r ack ing  s t a t i o n  is a v a i l a b l e  which can look d i r e c t l y  overhead 

a t  t h e  nominal v e h i c l e  being s tudied.  The p resen t  ve r s ion  of Model 1 

assumes f u r t h e r  t h a t  t h e  veh ic l e  t r a j e c t o r y  l i e s  i n  the  e c l i p t i c  

plane,  although i t  should not be d i f f i c u l t  t o  modify the  model t o  

handle iess r e s t r i c t i v e  cases.  

Four measurements are assumed: range R, range rate R ,  and 
* 

ang les  CT and B in and normal t o  t h e  e c l i p t i c  plane. The modo1 

gene ra t e s  t he  observat ion (HI matrix as defined below, by means of 

equa t ions  ( 2 )  t h ru  (10). 

der iva t ions .  

See t h e  P a r t  I11 Addendum for a figure and 

0 

E2x10 -3 0 0 0 

~ ~ ~ l 0 - 3  o 

G2 0 0 0 

0 R X l O  l 3 0  0 

where 

* The t r a c k e r  assumed would measure d i r e c t l y  d e v i a t i o n s  from t h e  
nominal va lues  of a and 0 .  
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cos CY (8, 

sin(QE - Q )  
r , =  ( 9 )  

G2 = - 

R cos 

r 
R C O S C Y  

1 

(10) R 
E2ein(QE - 1 - 0 )  + 

lnternal Input 

Math 
Symbol 

r 
0 

OE 
=E 

6 
r 

External Input 

None 

output 

H 
R 
k 

Program 
Symbol Descri p t  i on Source 

Nl'M 

radius vector 

central angle 

centr:?; angle, Earth 

radius vector, Earth 

radial veloc i ty  

central angle rate 

central angle rate, 
Earth 

~ ~ ( 4 ~ 6 )  Observation Matrix 

RNGD1' 
nominal radar range, range rate 



s i n  a 
cos a 

sin and cog of nominal 

(see diagram in Appendix) 
CALPHA elevation angle CY 
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C. The Dynamics Group of Modules: DYNM, OBSM, NAVM, GUIDM, CONTM 

The Dynamics group is entered only a t  navigat ion epochs, as de te r -  

Entry mined by the  navigat ion time increment A% and Guidance Events. 

i n  c o n t r o l l e d  i n  EXM-J by means of the Navigation Flag NAVF. 

group i s  a c t u a l l y  t h e  hei3rt of t h e  program, con ta in ing  a compatible s e t  

of models t h a t  computes i n  p a r a l l e l  1) data  per t t i ining t o  t h e  true 

s t a t e  ( p e r t u r b a t i o n ) ,  with noisy observat ions based thereon; and 2 )  d a t o  

p e r t a i n i n g  t o  t h e  e s t ima t ion  process being employed by t h e  navigat ion 

system beinp; simulated,  Capab i l i t y  i s  provided t o  s imula t e  the  guidance 

system which processes  t h e  navigation d a t a  in gene ra t ing  midcourse c o r r e c t i o n  

commands, and t o  apply t h e s e  co r rec t ions  s u b j e c t  t o  execut ion e r r o r s .  

Followinn a guidance c o r r e c t i o n  a secondary pass  is made t h r u  t he  group, 

without advancement of t he  Dynamics T ime  r e g i s t e r ,  i n  o r d e r  t o  s u i t a b l y  

update t h e  s t a t e ,  t h e  est imated s t a t e ,  and o t h e r  data .  Although each 

This module 

module of t h e  t u t o r i a l  program is coded as a subrout ine wlth i ts model 

imbedded t h e r e i n ,  t h e  following d e s c r i p t i o n s  a p n l y  t o  t h e  model po r t ions  

only , 

1. S e r i e s  1 Models -- 
This i s  a compatible series of d i s c r e t e  models designed t o  

implement a simple d e t e r m i n i s t i c  a n a l y s i s  in which numerical  values 

of  the s t a t e  are propagated from ( t ime)  p o i n t  t o  po in t  ''along" a 

r e fe rence  t r a j e c t o r y ,  a navigator  r e c u r s i v e l y  e s t i m a t e s  the state,  

and midcourse v e l o c i t y  c o r r e c t i o n s  based thereon are computed and 

executed. The end products  i nc lude  numerical values  of t a r g e t  miss 

a n d  total midcourse A v  expended. With the a d d i t i o n  of a suitable 

Auxil iary Module (AUXM) t o  t h e  t u t o r i a l  program, t h e  S e r i e s  1 Models 

can be used i n  Monte Carlo analyses.  



a. DYNM Model 1 

The p l a n t  is descr ibed  by the  d i f f e r e n c e  equat ion  

I 

where r is a. vector  of  parameter e r r o r 6  and q 16 a random 

no i se  vector .  The coded vers ion of t h i s  model p e r k i n s  t o  an 

S 

unaugmented s t a t e ,  and allowfi a s i n g l e  parameter e r r o r ,  r = 6 ~ ,  

where I.L is t h e  g r a v i t a t i o n a l  constant  of t h e  a c t i n g  c e n t r a l  

fo rce  f i e l d .  Modif icat ion t o  genera l ize  r is a r e l a t i v e l y  

simple mat te r  here ,  bu t  may r e q u i r e  s i g n i f i c a n t  changes i n  PSIM, 

where r' is computed. '@I, the  s t a t e  t r a n s i t i o n  matr ix ,  and 

8 

I 
both p e r t a i n  t o  the  i n t e r v a l  (tN + AtN,  tN).  S i m i l a r l . ~ ,  

I 

q is the  cumulative e f f e c t  over t h a t  i n t e r v a l  of white acce l -  

e r a t i o n  noise ,  and is  computed i n  PSIM on 8 dynamics time cyc le  

bas i s .  (See the  PSIM r r i t e u p  f o r  a d d i t i o n a l  information. 

Following a midcourse co r rec t ion ,  on a secondary pass  t h r u  

t h e  model, t h e  state  is updated i n  accordance with the e x p r e s s i o n  

xk+ = x k +  [;;I 
where h v l  is t h e  a c t u a l  midcourse v e l o c i t y  change executed. 

Var iab le  Program Symbol Descr ip t ion  Source 

I n t e r n a l  Input  

(6x6) PSIP(6,6) S t a t e  T r a n s i t i o n  FSIM 

(6x1) GAMHAP(6.1) Parameter Sensi-  PSIM 

Matrix 

t i v i t y  Matrix 
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q ' (6x1) QP( 6 1 Cumulative Dynamic PSIM 
Noise Vector 

DELTVP( 3 * 1) Executed velocity CONTM 

MCCF MCCF Midcourse Correct ion CONTH 

c o r r e c t i o n  

Flag 

External Input  

bcc RS h r o r  i n  gravita- 
t i o n a l  constant 

xo (6x1 1 X ( 6 , l )  I n i t i a l  value of  
state 

output 

~ ( 6 x 1 )  X(6,l) True state 
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b. OBSW Model 1 

This model computes t h e  noisy measurement z a t  each 

navigat ion epoch, based on t h e  observat ion matrix computed in 

HH and t h e  t r u e  state X. Provis ion is made t o  add a measurement 

b i a s  v e c t o r  b which is r e l a t e d  t o  z by means of a matr ix  L. 

(L is c u r r e n t l y  i n i t i a l i z e d  i n  as an i d e n t i t y  matrix,  but  w i l l  

even tua l ly  c o n s t i t u t e  an e x t e r n a l  i npu t . )  

contaminated by a white no i se  vector v which is computed i n  RNUH 

on t h e  basis of a s e t  of e x t e r n a l l y  i n p u t  s t ~ ~ l i d a r d  dev ia t ions  

applying t o  the  elements of z. 

The observat ion is 

The observat ion equat ion a t  a navigat ion epoch a t  tk is 

computed as 

The current ve r s ion  of t h i s  model has been coded in a 

l i m i t e d  w a y ,  w i t h  f i x e d  dimensions on matr ices  and vec to r s ,  

making i t  a s p e c i f i c  companion t o  HM Model 1. It is s t r u c t u r e d ,  

however, so t h a t  g r e a t e r  g e n e r a l i t y  can by obtained with l i t t l e  

change. 

Variable  Program Symbol Descr ipt ion Source 

I n t e r n a l  Input  

Ex te rna l  Input  

HM 
DYNM 

observat ion matrix 

t r u e  s ta te  
H(4x6) HM ( 4,6) 
x (  6x1 1 X ( 6 , l )  

b(4x1) B(4.1) Meaeurement b i a s  
v e c t o r  

o u t p u t  

2 (4 ,1 )  
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c. NAVM Model 1 

This model makes use of the observa t ion  vec tor  z computed 

h 
i n  OBSM i n  a r ecu r s ive  naviga t ion  scheme t o  compute an e s t ima te  x 

of the  unaugmented s t a t e  vec to r  x. Also a t  each naviga t ion  

epoch, t h e  covariance matrix ? of the e r r o r  i n  the  es t imate  

i s  computed. i t  is t o  be noted t h a t  t h i s  model s imula t e s ,  i n  

e f f e c t ,  t h e  naviga tor  i n  a space mission, and is " i so la ted"  from 

those  p a r t s  of the program t h a t  propagate t h e  t r u e  s t a t e ,  T U 8  

makes p o s s i b l e  t h e  s tudy  of naviga t ion  processes based on in -  

accu ra t e  phys i ca l  models and s t a t i s t i c a l  parameters. 

The f i l t e r i n g  equat ions  i n  Model 1 are 

I e 

'k = *k,k-l P k-1 *k,k-l + 'k 

Pk = [I - Hk] F; 

A A A 
x -  k - ' i ,k-l  'k-l + Kk[Gi - %';,k-1 xk-l] 

On a secondary pass thru t he  model, fol lowing a midcourse cor- 

r e c t i o n ,  2 and P a r e  updated to r e f l e c t  changes known t o  the  

naviga t ion  system 
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+ 
'k . 

The a c t u a l  error i n  t h e  e s t ima te  is  a l s o  updated. 

+ [-3 . N +  N x = Xk k 

Av i s  the command computed by guidance, e 

unmoxiitored p o r t i o n  of t h e  execution error and i t s  covariance 

matrix, and e is t h e  monitored portion. 

and Pe are t h e  
U 

U 

m 

Variable 
_I -. - 

- Internal Input 

*' i 6x6 1 

NAVF 

Exte rna l  Input  

~ ( 6 x 6 )  

PV ( 4x4 1 

Program S y m E  

PSIP(€,~) 

N A V F  

Descript ion Source 

State T r a r s i  t i o n  PSIM 

Observation Matrix H M  

Measurement Vector OBSM 

S t a t e  vector  DYNM 

Midcourse Correct ion CONTM 

Navigation Flag EXM3 

Matrix 

Flag 

Dynamic Covariance 

Measurement Covariance 

Matrix 

Matrix 

kktimate of State  

U r o r  i n  t h e  Estiloate 

Covariance of Estimate 
Xrror 
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d. GUlDM Model 1 

This  model is for de te rmin i s t i c  analyses i nvo lv ing  

l i n e s r  impulsive midcourse guidance laws of the form 

Gk ”k A V  = 

where G is a (3x6) matr ix  computed i n  POLM. 

g r e a t  f l e x i b i l i t y  i n  that a wide v a r i e t y  of guidance laws can 

be wri t t en  i n  t h e  form of gquation (1). 

This provides  

The error i n  the A V  command implied by t h e  error i n  

lAvl state e s t ima te  is  computed her.e, as well as 

e n = G ~ %  

Variable 

I n t e r n a l  Input  

Gk( 3x6 1 

GUIDF 

K 
KL 

Program Symbol Descript ion Source 

G ( K , 6 , 6 )  Midcourse Correct ion POLM 

XH(6.1) S t a t e  Estimate NAVM 

XAPX ( 6,l) Erro r  i n  Estimate NAVM 

Matrix 

MCCF Midcourse Cor rec t ion  CONTM 
?lag 

IGUIDF Guidance Flag KxM3 
K Guidance %vent Index EXM2 

KL E’inal value of K EW!2 

Exte rna l  Input 

None 
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Output 

Av (3x1) DELTV(3,l) Midcourse Correction 
Command 

I A d  DVMAG Magnitude of ov 
en( 3x1) KN(3.1) Error in A V  due to 

navigation error 
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e. CONTM Model 1 

Model 1 computes the  e r r o r s  i n  execut ion of a midcourse 

co r rec t ion .  I t  is  based i n  p a r t  on the approximate methods 

descr ibed by Gates 

The unmonitored execution e r r o r  is tak.en t o  be t h e  sum 

of a po in t ing  e r r o r ,  an e r r o r  p ropor t lona l  t o  the magnitude of 

A v  and d i r e c t e d  along A v ,  and an e r r o r  independent o f  t h e  

magnitude of Av bu t  d i r e c t e d  along i t .  I n  t h a t  o r d e r ,  

el, e*, and e are assumed t o  be independent, Gaussian 
3 

where 

(0, $); and e4 and e are independent Gaussian (0,  r4) and 

( 0 ,  r5' respec t ive ly .  'The term i n  (1) involving el, t!2, and 
5 

i s  the  vector  cross product. =3 
The monitored execution e r r o r  is taken t o  be a n  error a l w g  

Av and independent of IAvI ; an example of which would be an 

off-nominal t h r u s t  decay measured by an axial accelerometer.  

C. R. Gates, "A Simpl i f ied  Model o f  Midcourse Naneuver 
Execution mrors", JPL Tech Rpt No. 32-504. 
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The e r r o r s  el, e2, ..., e 

have t o  be c o n s i s t e n t  with t h e  assumed s t anda rd  d e v i a t i o n s  

are e x t e r n a l l y  i n p u t ,  and do not b 

bp* a-4, 0;. and Cb. These l a t te r ,  however, are t h e  basis 

of the  following computation of  P the  covariance matrix of  e *  
U 

unmoni tored execut ion e r ro r s .  Pe is computed f o r  the purpose 

of updatiirg I' in NAVM following a midcourse correction. We w i l l  

d e f ine  Fe a s  the following cond i t iona l  expectat ion:  

U 

U 

Then, w i th  the  a i d  of the  a d d i t i o n a l  s impl i fy ing  assumption 

i s  s p h e r i c a l l y ,  Gaussian (0, c )  d i s t r i b u t e d ,  A v  
5 t h a t  e - 

l a v l  
( 3 )  can be expanded and reduced t o  

S i m i l a r l y  , 
m 

(The above c a l c u l a t i o n s  of P &n;l ? r j g h t f u l l y  belong i n  NAVM, 
eU . em 

and should be moved t o  t h a t  module i n  f u t u r e  v e r s i o n s  of this 

program. 1 

Fina1ly;in t h i B  model t h e  a c t u a l  v e l o c i t y  change experienced 

is given by 

I 
A v  = A v + e  + e  

U m 
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Description Source Variable Program Symbol 

Internal lnput 

A v ( 3 x l )  

I AVI 

External Input 

e(6x1) 

DKLTV ( 3,l) Midcourse Correction GUIDM 
Command 

DVMAG Magnitude of Av GU I DM 

~ ( 6 )  Vector of errors 

el* e2* ...* e6 

SIGHAP 

SIGMA4 deviations of 
Assumed standard 

SIGMA5 errors e 1- * * * v  e6 
s IGMA 6 

output 

eu(3xl )  EU(3,l) Unmonitored execution 

em( 3x1) EM( 3.1) Monitored execution 

error 

error  - 

A v '  (3x1) DXLTVP(3.1) Total ve loc i ty  change 

U 
P (3x3) PEn(3*3) Covariance matrix 0:: e 

eU 

11 
m e I t  



D. Auxiliary Group of Modules 

I n  t h e  t u t o r i a l  program t h i s  group contains  only t h e  Po l i cy  Module 

POLM and Information Module INF'M. No Auxiliary Module AUXM (which would 

w r f o r m  s o e c i a l  processing of  i n p u t  and output d a t a  for Monte Carlo and 

o t h e r  s p e c i a l  t ypes  of analyses)  w a s  needed t o  s a t i s f v  the design n o d s  

of t h e  t u t o r i a l  program. 

1. ?OM Model 1 
I - 
The basic  func t ion  of the I 'olicv Module is to compute  matrices 

r equ i r ed  for the  Keneration of midcourse v e l o c i t y  c o r r e c t i o n s  i n  

accordance with some guidance pol icy governed by model choice. 

Model l i s  based on a Fixed Time-of-Arrival guidance c o n s t r a i n t .  and 

can gene ra t e  guidance ma t r i ces  for an a r b i t r a r y  number of prescr ihed 

(on t h e  b a s i s  of time) midcourse c o r r e c t i o n  p o i n t s  (Guidance Events) 

along t h e  nominal t r a j e c t o w .  It  does t h i s  di:ring a ''Guidance P r e s e t  

Pass" c o n t r o l l e d  by t h e  f lag  GPRF. A t  each Guidance Event, d e s i m a t e d  

by IGEV(K), t h e  s t a t e  T r a n s i t i o n  matrix measured from I G E V ( K - 1 )  is 

avai lable  i n  PSIM and stored as &.,-,(6x6). 

t h i s  Guidance P r e s e t  Pass  to  use a veri large AtN such t h a t  a 

Navigation Epoch is never encountered except when au tomat i ca l ly  

It is necessary during 

designated at a Guidance Event (because t h e  s t a t e  t r a n s i t i o n  m a t r i x  

is reset i n  PSIM t o  t h e  i d e n t i t y  matrix a t  a l l  Navigation Epochs). 

When the f i n a l  event ,  r ep resen t ing  some s o r t  of t a r g e t  encounter, is 

reached t h e  c o l l e c t i o n  of 0 matrices is processed so as to  y i e l d  

s t a t e  t r a n s i t i o n  matrices from e a c t  Guidance Event t o  t a r g e t  encounter. 

These are shown schematical ly  i n  the followinq example for a sequence 
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of four such midcourse c o r r e c t i o n  points .  The index  K is used 

throughout t h e  program t o  designate  the Guidance Event, and KL 

denotes t h e  f i n a l  or  t a r g e t  value of K. Computation of t h e  

ma t r i ces  progresses  backwards, and proceeds as shown below. 
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Now t h e  f ixed  Time-of-Arrival Guidance Matrix Gk is computed 

f o r  each Guidance Event IGLV(K). The f i r s t  step is the  p a r t i t i o n i n g  

Then G. is given by t h e  expression 
K 

These matrices are s t o r e d  f o r  use by t h e  Guidance Module GUIDM 

during subsequent runs. 

and CP were i n a d v e r t e n t l y  reversed when programming t h i s  model.? 

See the Part I11 Addendum f o r  a b r i e f  d e r i v a t i o n  of t he  above @dance 

(The i n d i c e s  on t h e  above submatrices 

2 

law. 

I n t e r n a l  input 

Variable Program Symbol - Descript ion 

PSI:?(6,6) S t a t e  t r a n s i t i o n  
matr ix  from t h e  
previous Guidance 
Event to the cur- 
r e n t  one. 

\k' ( 6x6 1 

k 

kt 
Kxternal Input  

None 

K 
KL 

Output 

Qk( 6x6) PHI ( K ,  6 ,6)  

Source 

PSIM 

Guidance Event index EXM2 

L a s t  Guidance Event EXM2 

S t a t e  t r a n s i t i o n  
matr ix  from Guid- 
ance Events K - l  
t o  K. 



(6x6) PHISS(K,6,6) S t a t e  t r a n s i t i o n  
matrix from Guid- 
ance &vents K t o  KL. 

Gk ( 6x6 1 G(K,6,6) Fixed Time-of-.irrival 
guidance matrix f o r  
Kth Guidance Event. 

2. INFM Model 1 

The Information Module i s  self-explanatory i f  one follows 

t h e  b lock  diagram of Appendix 11. L s s e n t i a l l y ,  on the b a s i s  of 

c e r t a i n  flag s e t t i n g s ,  s p e c i f i c  blocks of data a r e  p r i n t e d  a t  each 

en t rv .  A t  a Guidance Svent two complete sets  of d a t a  a r e  p r i n t e d  

out, the second re f l ec t ing  changes i n  state and updating o f  t h e  

Navigation d a t a  following a midcourse co r rec t ion .  T h i s  module is 

obviously s u b j e c t  t o  much change during f u t u r e  evo lu t ion  of t h e  

program. 
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E. Subroutines and Functions 

Several  of t h e s e  used i n  the program, but not  hnving module statuti, 

are b r i e f l y  descr ibed below. 

This is a d a t a  i n p u t  subrout ine performine: much of t h e  ini t ia l -  

i z a t i o n  func t ion  t h a t  w i l l  be handled by LXM2 i n  the u l t i m a t e  program. 

It is designed s p e c i f i c a l l y  f o r  t h e  c u r r e n t  s e t  of models. 

This is a matrix i n v e r s i o n  subrout ine used throughout t h e  program. 

T h i s  is a random number generat ing func t ion  t h a t  s e l e c t s  a t  

random a number from a normal d i s t r i b u t i o n  of un i ty  s tandard dev ia t ion  

and zero mean. 
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ADDENDUM TO PART 111 

1. Derivation of  Equations f o r  NTM, Model 1 

The planar equations of motion i n  a central force  f i e l d  a r e  used 

in the form 

2. r Q  = h 

. I  

I *  
;0: 

An apnroximate d i f ference  equation 

representation i s  obtained as follows. 

Over the interval  A t ,  8 advances 

by A€), r by Ar, and $ by A;. 
(11 and (21, 

From 

A h ( - $ + +  

- 
A @  = ( 3 )  A t  

where the bare indicate mean values taken CJVCY the interval At .  

r e a d i l y  shown that for  A r < <  r 

It is 

these expressions can be written 

The equation for A r  is simply 

A t  
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Solving ( 3 )  and ( 5 )  simultaneously f o r  A; 

1 A i  = - 
3 
D 

and Ar 

;A t2 

( 6 )  

( 7 )  

Equation (4)  f o r  A Q  is used without cha>ge. Note t h a t  ( 5 )  could have 

s i m i l a r l y  been used t o  o b t a i n  Ar a f t e r  using ( 6 )  and (7) f o r  A;, but  

t h i s  s i m p l i f i c a t i o n  was overlooked. 

I n  Model 1, r, 8,  and a r e  updated by means of (6), ( 4 1 ,  and ( 7 ) .  . 
Following t h i s ,  0 is updated by mean6 of (2). Angular momentum h is 

computed during i n i t i a l i z a t i o n  from the  i n i t i a l  cond i t ions  on r and 6.  

Model 1 a lso  computes the  c e n t r a l  angle swept by t he  e a r t h  e.ssuming 

a c i r c u l a r  o r b i t .  I n c l i n a t i o n  of t h e  plane of t h e  space v e h i c l e ' s  orbit 

with resp,ect t o  t h e  e c l i p t i c  m u s t  be accocn:ed for by means of a trans- 

formation not  i d e n t i f i e d  i n  this p a r t i c u l s r  model. 

2. Der iva t ion  of Equations for PSIM Model 1 

The v a r i a t i o n a l  forms of the  planar c e n t r a l  force fie1.d equatj.ons 

d 2 .  - ( r  0 )  = 0 d t  

can be wri t t en  
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Over the: interval  A t  = t i+ l  - ti 

where the bars indicate mean values over A t  of the underlying expressions. 

T k i s  s e t  of 4 difference equations is properly rearranged and solved 

Eirnuitaneously for Abr, Am, A6;, and A66 i n  terms of the init ial  

Falues 6ri, dei, a;,, dei, and 6 P .  

Similarly the  out-of-plane motion (norr.inally zero) is described by 

the  perturbation equation 

which leads to  the approximate di:?ference equations 
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These a r e  solved s imultaneously f o r  A6N and h6i in terms of 6Ni 

6 fi. 
The combined r e s u l t s  are, i n  matrix form, 

+ 

- 
3 

L. 

I I 

I 0 I 0 AI.' At 
I I 

I I I I 

0 I 0 I C I  I 0 I 0 
I I I I 

1 I I I 
- * - - - - - - - - - - - - - - - - - - - - - - -  

I A Xio-3 
3 

I 
*2 A.  I O  I O  I 

I I I 
1 . . . . . . . . . . . . . . . . . . . . . . . . .  

1 I I I 

B3 E1x10 3 I 0 I 0 i B Z x 1 0  3 1  
I I 1 1 . . . . . . . . . . . . . . . . . . . . . . . . .  
I I I I 

I O  I C  I 0 I 0 
- I I I I 

3 
0 

and 
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l'he elements o f  A and I' are evaluated by means of  the  expressjone 

1 a 

2 a 

a3 

bl 

b2 

b 3 

*1 

A1 

A2 

*3 

A4 

B1 

B2 

B3 

- 2 P  + (52 
3 r 

1 2  1 3  
- [l + > A t  + ( b 2 a 2 - a l ) T  At2 + (b a - a  b I$] 

I [-,,At + (a2bl - a 1 3  b - 2 
Dl 

At2 + (a .  '3 - a b 1 Dl b a 2 b 2 - a l ) T  2 1  1 3 1 ,  

A2 At 

Dl 
- -  

Dl blAt 

r 

+ alb2 "I] 2 

+ bl $1 
+ (a2bL - a b & 

Dl [b,nt + a2b2 1 3  



( 2 )  
Continued 

The des i r ed  s t a t e  t r a n s i t i o n  over  t h e  i n t e r v a l  At is  seen t o  be 

The scheme f o r  updatlng t h e  cumulative matr ices  (measured from some 
* 

- 

r e fe rence  po in t  t 1 is 
0 

where 

( 4 )  

5 )  

( 6 )  

Noise lnpu t  

A white n o i s e  a c c e l e r a t i o n  d i s tu rbance  is computed a t  each 

computation cycle  by means of  t h e  Function RNUM. 

a t r ivar ia te  normal d i s t r i b u t i o n  def inad by t he  inpu t  of SIGMQ(I), 

' T h i s  samples from 

L 

I n  p re sen t  tlsage t is taken as  t h e  previous navigat ion epoch. 
0 



(7) 

1 = 1, 2, 3, y i e l d i n g  the  (3x1) q vector.  The cumulative no i se  

vector  will be a (6x1) vector  denoted by q . The updating equation 

i n  PS'lF", Model 1 is 

I 

t 

qnew 

3. Derivat ion of Equations for HM, Model 1 

Assumptions: 

1) The v e h i c l e  t r a j e c t o r y  l i e s  

i n  the e c l i p t i c  plane. 

A t r ack inq  s t a t i o n  on e a r t h  

always looks d i r e c t l y  over- 

head a t  t h e  vehicle.  

2)  

3) - n r Q b - Q < ? f  

Nominal Measurements 

The nominal range measurement is given by the  Law of Cosines: 

This is d i f f e r e n t i a t e d  t o  g ive  the range ra te:  

Other r e l a t i . ons  needed are,  from t h e  Sine and Cosine Laws: 
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2 2 2  r -r,. - R  c 
COSCY = 

2rER 

Ferturbation Equations 

Taking the first variations of (l), (21, and ( 3 ) :  

b R  = El 6r + E2 68 

(10) 

The out-of-plane measurement /3 is  given by the approximate 

(Iz) N 
R *  / g = -  expression 

A l l  other first oraer p a r t i a l  derivatives are zero. 
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The desired observation matrix H is finally obtained by 

assembling the above par t ia l  derivative6 in accordance w i t h  t,he 

expression 

and i s  Eauation (1) of the text.  

HM I n i t i a l i z a t i o n  Model 1 (Companion t o  HH Model 1) 

T h i s  model presets a l l  elements of t he  observation matrix 

HM(1, J )  to zero. 
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4. POLM, Model 1, Der iva t ion  of Fixed Time-of-Arrival Guidance Matrix Gk. 
r -. 

Let  @ +. (6x6) = [-s-;4j (pl P 2  be the  s t a t e  t r a n s i t i o n  matr ix  t h a t  
f, 0 

f’ maps t he  state ~(6x1) = from the po in t  to t o  somef ina l  time t 

where p ad v denote (7x1) pos i t i on  and v e l o c i t y  vec to r s  r e spec t ive ly ,  

and  the  submatr ices  of @*’ are (3x3). Thus 

The Fixed Time-of-Arrival guidance c o n s t r a i n t  r e q u i r e s  i d e n t i f i c a t i o n  of 

a Av at to which, when added t o  v 

must so lve  t h e  express ion  

w i l l - c a u s e  P 
0 f t o  be zero. Thus we 

f o r  Av. 

The r e s u l t  is 

Av = - [ ‘P;’ (P1 i I(3x3)] 

9 

where the c o e f f i c i e n t  of is the  d e s i r e d  guidance matrix corres -  

ponding t o  the  p o i n t  to. 
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5. l n s t r u c t i o n s  f o r  Use of  T u t o r i a l  Program 

It is atisumed t h a t  t he  nominal t r a j e c t o r y  has been des: med else-  

where, so t h a t  i n i t i a l  c o n d i t i o n s  and o t h e r  information vertaininp; t h e r e t o  

are ava i l ab le .  

a. R u n  Designation 

I R U N X  i s  the  t o t a l  number of runs desired.  

runs t h a t  a re  i d e n t i c a l  except for e r r o r  d a t a )  must be preceded by a 

Guidance P r e s e t  run  f o r  computing Guidance matr ices ,  un le s s  no mud- 

course c o r r e c t i o n s  are t o  be made. The p r e s e t  run  is to be counted 

i n  IRUNX, and r e q u i r e s  i n p u t  of IGPRE,' = 1. It 18 i n p u t  as 0 on t h e  

remaining runs. 

b. Event ,Designation 

Any run (or set  o f  

'l'he first s t e p  is designat ion of a l l  Events and  t h e i r  time of 

occurrence along the normnal t r a j e c t o r y .  To each event is assigned 

a f i x e d  po in t  number i n  ascending o rde r  w i t h  time. 

sequence numbers forms t h e  ESN array, and the  corresponding times 

forms t h e  TEV array. 

a r e  to be guidance even t s  ( p o i n t s  of midcourse c o r r e c t i o n )  are then 

assembled t o  form the  GEV a r ray .  If no midcourse c o r r e c t i o n  is to 

be made, a s i n g l e  GhV m u s t  bt? i n p u t ,  t h e  f inal  KSN. I G N X  is i n p u t  

as  t h e  f i n a l  U N ,  and JEVL and KL as t he  t o t a l  number of even t s  and 

guidance events  r e s p e c t i v e l y .  For examples of event desippat ion 

and i n p u t ,  see P a r t  IV. 

c. - Time Registers 

T h i s  s e t  of event  

The event sequence numbers f o r  a l l  event& which 

DLTT, the r e f e r e n c e  value of A t ,  is chosen t o  satisfy accuracy 
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requirements  of NTM and PSIM (see thooe wri teups) .  

time between nsv iga t ion  epochs. 

DLI,TN is t h e  

On a Guidance Preset Hun ( s e e  FOIM 

writeup! this is  i n p u t  as i n f i n i t y .  

d. P r i n t  Control 

IPT c o n t r o l s  t h e  frequency of p r i n t o u t  on a navigat ion cycle  

basis. I f  i n p u t  as 1, p r i n t o u t  w i l l  occur a t  every navigat ion epoch, 

i f  2 a t  everv second one, e tc .  I n  a d d i t i o n ,  p r i n t o u t  rill au tomat i ca l ly  

occur a t  all events.  

e. -1-. i n i t i a l  Conditions and Other Input 

The c u r r e n t  se t  of  models computes i n  a polar coordinate  System, 

and a l l  ang le s  were o r i g i n a l l y  expressed i n  r ad ians ,  with o the r  u n i t s  

being a t  t h e  d i s c r e t i o n  of user. However, t o  so lve  a last minute 

sci31ing croblem, angular units i n  t h e  pe r tu rba t ion  r e l a t i o n s  were 

ch3nged t o  m i l l i r a d i a n s .  

of x, x, P,  C, SIGMQ, Pv, SIGMA, and B.) 

time state,  Earth s t a t e ,  t h e  e r r o r  vector  E, and SIGM?, however, remain 

(This change must  be observed for the  inpu t  

I\ Angular elements of t h e  

in radians. 

f. Input Deck Assembly 

The necessary i n p u t  c a r d s  are l i s t e d  below i n  proper o rde r  with 

t h e  r e c u i r e d  For t r an  format for each i n d i v i d u a l  card. 
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Card 
Order 

I 
2 

3 
4 

5 
6 

7 
8 
9 

10 

11 

12 
13 
14 

15 
16-21 
22-27 

28-31 
32 
33 

Variable Names 
-. - 

I RUN X 

IGPRF 
IFT, I K S N X ,  KL, JZVL 

IESN 

TdV 

IGEV 

DLTT, DELTN, TD, TN 

THEDTL, THETAE, THETA, THEDT 
MU, R, RDOT 

RE 
X 

RS, SIGMQ 
NM, B 
SIGMA 

XH 
P 

QQ 
PV 
E 

SIGMA4, SIGMA5, SIGMA6, SIGMAP 

Fortran 
Format 

-.- -- 

15 
15 
41 5 
101 4 
5313.6 
1015 
4613.6 
4E13.6 
3E13.6 
~ 1 3 . 6  

6 ~ 1 3 . 6  
4E13.6 

15, 8x, 4E13.6 
4~13.6 
6 ~ 1 3  6 
6 ~ 1 3 . 6  
61313.6 
4E13.6 
6 ~ 1 3 . 6  
41313.6 

The first card, IRUNX, is required for only the initial case 

when a single run contains multiple cases. 

the second and any following cases of a run beglnG with card number 2 ,  

IGPRF. 

The input card set for  



g. P r i n t o u t  of  Input  Data (from DATIN subrout ine)  

Preceding t h e  l abe led  da ta  p r i n t o u t  under t h e  c o n t r o l  of 

INFM is an unlabeled block of data. This  records  a l l  of t h e  card 

i n p u t  data f o r  the run concerned except for t h a t  appearing i n  the 

normal p r i n t o u t  f o r  the first event.  The unlabeled data i s  iden t -  

i f i e d  as 

Line 

1 

2 

3 

4 

5 

6 

7' 

8 

- 

9-11 

12-15 

16-19 

20-25 

26-29 

30-35 

follows: 

Item 

IPT 

DLTT 

DEL!FN 

RE 

- 

THEDTE 

Mu 

H 

Rs 

SIGMQ 

B 

SIGMA 

QQ 
PV 

E 

P r i n t  l n t e r v a l  

Reference value of dynamics time increment 

N a v i  gat ion  time i ncremen t 

Radius of E a r t h ' s  o r b i t  

A n g u l a r  v e l o c i t y  of Earth about the Sun 

Grav i t a t iona l  cons tan t  of Sun 

U n i t  angular  momentum of nominal t r a j e c t o r y  

E r r o r  i n  MU 

SEMQ ( 3 (See PSI#) 

B(4.1) (See OBSM) 

SIGMA ( 4) (See OBSM) 

Q(6.6) (See hAW) 

PV(4,4) (See N A W )  

E(6)  (See CcxJTM) 

The first such p r i n t o u t  of H i n  a sequence of runs based on a 
s i n g l e  nominal t r a j e c t o r y  w i l l  be in e r r o r ;  s i n c e  H is not 
computed until a f t e r  t h e  present  Write s ta tement  appears.  
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IV. NUMERICAL RESULTS 

A .  Problem Descript ion 

I n  o rde r  t o  e s t a b l i s h  the  v a l i d i t y  of results obtained from the  

t u t o r i a l  proyram and t o  demonstrate i t s  c a p a b i l i t i e s  i n  d i f f e r e n t  modes 

of ope ra t ion ,  two sepjlrate groups of experiments were formulated. Lach 

run wi th in  t h e  experiments was based on a l l  or p a r t  of a s i n g l e  nominal 

h e l i o c e n t r i c  Larth t o  Mars t r a n s f e r  o r b i t ,  which will now be ",scribed 

b r i e f l y  . 
The nominal t r a j e c t o r y  was an e l l i p t i c a l  a r c  as descr ibed i n  the 

I 

\ 

\ 

I 

I 

I 

\ 

1 

\ 

G ART 

. 
E W  IO 
t = 0  

(APOGEE) 
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This  nominal t r a j e c t o r y  was nea r ly  tangent  t o  t h e  e a r t h ' s  o r b i t  a t  

time zero and i n t e r s e c t e d  t h e  Mars o r b i t  about 167 day8 l a t e r  after pass ing  

t h r u  a c e n t r a l  angle of about 1 3 0 O .  No s i g n i f i c a n c e  is t o  be a t tached  to 

this t r a j e c t o r y  o t h e r  than t h a t  i t  se rves  as a r e fe rence  f o r  program check- 

ou t  and demonstration purposes. A t ransformation,  u n i d e n t i f i e d  here in ,  

i s  i m D l i e d  which r e l a t e s  the o r b i t a l  plane i n c l i n a t i o n  and the  polar  co- 

o r d i n a t e s  employed t o  some i n e r t i a l  re fe rence  frame. I n i t i a l  cond i t ions  

and o r b i t a l  Darameters f o r  t he  nominal t r a j e c t o r y  a r e  given below. 

I n i  t i  a1 Condit ions O r b i t a l  Parameters 

t - 0  

r .= .15x10 km 

8 = 0. rad 

6 = .2222~10-~rad/ks 

9 

= 0. km/ks 

9 
9 

r = .25x10 km 

r = . l 5 x l O  
a 

P 
E c c e n t r i c i t y  = .25 

Other  Numerical Input  

3 2  P = . 1 3 3 x d 8  km /ks 
r = .14aX109 E 
6,  = .199~10-~ rad/ks 

(gravitational cons tan t  of Sun) 

Problem se tup  f o r  t h e  covariance propagat ion runs (Figures IV-1  t o  

IV-9) was t y p i c a l  of missions i nvo lv ing  no midcourse co r rec t ions .  The 

l i s t e d  i n i t i a l  cond i t ions  and r equ i r ed  parameter va lues  were input  i n  

t h e  customary way. The ESN and corresponding ThV arrays were inpu t  as 

w(1) = 10 TEV(1) = o b  

(va r i ed  as r equ i r ed )  SSN(2) = 20 TEV(2) = 
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A s i n g l e  Guidance w e n t  was i n p u t  

w i th  run  terminat ion c o n t r o l l e d  by XSNX = 20. 

as. 20 would have given the same r e s u l t s . )  

s t a t e  and estimate thereof  were no t  r equ i r ed ,  the present  s e t  of models 

does this au tomat i ca l ly ,  60 i n i t i a l  cond i t ions  for thoGe variables  and 

a l l  error sources  e n t e r i n g  i n t o  t h e  d e t e r m i n i s t i c  equations must  be inpa t , .  

These can be e a s i l y  i n p u t  as zero. Since no midcourse c o r r e c t i  on8 were 

made, a guidance p r e s e t  run  was no t  r equ i r ed  and the Guidance P r e s e t  

Flag GPRF w a s  i n p u t  as zero i n  all cases. 

(Note t h a t  d e f i n i n g  GLV(1) 

Although propagation of  t h e  

The s imula t ion  runs involved complete missions,  i nc lud ing  midcourse 

Thus a guidance p r e s e t  c o r r e c t i o n s  being made a t  both even t s  20 and 30. 

run was r equ i r ed  for  each set  having given ESN, Thy, and GaV a r r a y s  i n  

o - d e r  t o  c o m p t e  t h e  r equ i r ed  guidance matrices.  

a r r i v a l  guidance scheme is modeled i n  PCLM, t he  midcourse c o r r e c t i o n s  

attempted t o  d e r i v e  p o s i t i o n  e r r o r s  t o  zero a t  t h e  f i n a l  event,  No. 40. 

Since a f i x e d  time-of- 

Two 6UbgrOUps of t he  simulation runs were formed, depending upon whether 

or not e r r o r s  i n  t h e  midcourse execut ion were permitted.  For t h e  f i r s t  

subgroup, mi5jcourse execut ion e r r o r  source8 were simply i n p u t  as zeros. 

B. Numerical kkperirnents 

I n  t h i s  s e c t i o n  of t h e  r e p o r t ,  r e su l t s  w i l l  be presented of  numerical 

experiments conducted by e x e r c i s i n g  t h e  t u t o r i a l  program. As was mentioned 

i n  the  in t roduc t ion ,  no s p e c i a l  s i g n i f i c a n c e  is a t t ached  t o  the  a c t u a l  

numbers obtained from the experiments. However, the results are important 

f o r  two reasons. First, t h e  graphs accompanying t h i s  d i scuss ion  are 
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i n d i c a t i v e  of t h e  k i n d s  of information t h a t  can be garnered from an 

i n t e r p i a n e t a r v  a n a l y s i s  program. Secondly, a l though the  simple computa- 

t i o n a l  model6 assembled i n  t h e  t u t o r i a l  program do have a l i m i t e d  app l i -  

c a t i o n ,  two-body ana lyses  are s u f f i c i e n t  f o r  i n i t i a l  des ign  s t u d i e s  

and, uiore xmportantly, many of  t h e  comments about t h e  q u a n t i t a t i v e  na tu re  

of the r e s u l t s  will still hold t r u e  when more complex computational 

models zre i n s e r t e d  i n t o  t h e  program. I t  should also be mentioned, before  

bepinsifig the d e t a i l e d  d i scuss ion ,  that i t  i s  assumed t h a t  t he  reader is 

familiar with t h e  a n a l y t i c  methods presented i n  Volume I of t h e  c u r r e n t  

r epor t .  A f a m i l i a r i t y  with t h e  companion document is  necessary i f  any 

i n s i g h t  i n t o  the i n t e r p l a n e t a r y  problem is  t o  be gained from surveying 

t h e  r e s u l t s  to  follow. 

The information t o  be presented i n  this s e c t i o n  d i v i d e s  i n t o  two 

convecient s e t s .  The first se t ,  of which Figures  IV-1 through IV-9 a r e  

a c a r t ,  c o n s i s t s  of experiments conducted only  on t h e  nav iga t ion  and 

e s t i m a t i o n  p rocesses  of t h e  program. No midcourse c o r r e c t i o n s  are app l i ed  

SO that the ent ire  focus is  on different  face t s  of the estimation procedure. 

The second se t  deals with a mission cons is t ing  of three s e p a r a t e  navigat ion 

p e r i o d s  t h a t  are punctuated by two midcourse c o r r e c t i o n s  a t  predetermined 

times. The midcourse guidance po l i cy  used is very s i m p l e  -- not  only have 

t h e  c o r r e c t i o n  times been a r b i t r a r i l y  determined, b u t  also t h e  s imples t  

l i n e a r  impulsive guidance scheme (f ixed-t ime-of-arr ival)  has been employed. 

The first three graphs in t he  second set  a86ume no e r r o r  i n  t h e  execution 

of t he  guidance c o r r e c t i o n ,  while  t h e  remainder of t h e  F igu res  d e a l  with 

t h e  execut ion e r r o r  problem. 
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. 

Again i t  should be s t r e s s e d  t h a t  t h e  numbers themselvet; o b t a i n e d  

i n  t hese  experiments a r e  not of major importance. ln f a c t ,  ..;innt: p:enei.ol 

comments p e r t a i n i n g  t o  methods and techni.ques are the  meat of thzs d i s -  

cus s ion ,  a c t u a l  numbers w i l l  be omitted whenever Qossible .  Thus instead 

o f  sayin;:, wi th  r e s p e c t  t o  c e r t a i n  graphs,  t h a t  "the 1 6  accuracv value 

f o r  t h e  mecsuring devices  i n  t h i s  experiment was" such a n d  such, comments 

,s'gch as "hiFhly accu ra t e  measurements were assumed" w i l l  be used. 

1i;ons w i i i  often be  expressed numerically as r a t i o s  r a t h e r  than d e f i n i w  

t h e  exact  numbers r e l a t e d  to the  q u a n t i t i e s  beinr: compared. 

Corncar- 

The f i r s t  t h r e e  graphs a r e  concerned with deterrniniw t h e  i n f l u e n c e  

of observat ion frequency on propagated covariance matri.ces. 

it? a h e l i o c e n t r i c  two-body o r b i t ,  i n  transit from Earth t o  Mars, undergoes 

a 3290 kiiosecond coas t ing  pe r iod  during which time i t  is t racked a n d  

tt?eesur.ed from Earth. Earth-based observat ions,  reasonably accu rz t e ,  are 

made o f  r a n r e ,  range rate, azimuth, and. e l eva t ion .  Covariance matrices 

r e f l e c t i n g  t h e  accuracy of the measuring devices  and t h e  i n i t i a l  accuracy 

of t h e  6x1 state v e c t o r  of p o s i t i o n  and v e l o c i t y  are ava i l ab le .  

a s p e c i f i c  nominal t r a . j ec to ry  has been pos tu i a t ed  and i t s  a s s o c i a t e d  s t a t e  

t r a n s i t i o n  matr ices  have been ca l cu la t ed .  If each observat ion vector  

recorded during t h e  3200 kilosecond coas t  per) od is processed us ing  .Kalnm 

r e c u r s i v e  f i l t e r i n g  t o  obtain  t he  s ta te  vector  estimetes, what is the 

accuracv of t h a t  estimate a t  t h e  end of the c o a s t  and how does i t  depend 

on the  number of observat ions? 

A m a c e c r a f t  

I n  a d d i t i o n ,  

This  problem is  subsumed i n t o  t h e  c l a s s  of Droblems dea l ing  m t h  

optimum observat ion schedules.  Generally,  w h a t  is sought i n  an  i n t e r p l a n e t a r y  
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mission using r e c u r s i v e  f i l t e r i n g  t o  estimate the  t r a j e c t o r y  is an ob- 

s e r v a t i o n  schedule t h a t  is f requent  enough to keep pe r tu rba t ions  from 

becormng unbounded bu t ,  a t  t h e  same time, i s  not  60 f requent  t h a t  i t  

places  unreasonable demands upon t racking f a c i l i t i e s  or v i o l a t e s  t h e  

e s t ima t ion  theory assumption of uncorrelated random noi:,e between s e p a r a t e  

observat ion vectors .  From t h e  experiments conducted w i t h  the  tutorial 

program, i t  has become apparent that determining a "s table"  observat lon 

schedule ( t h a t  is, a schedule t h a t  p r o b a b i l i s t i c a l l y ,  p reven t s  t he  d i f f e r -  

ence between t h e  e s t ima ted  and actual state v e c t o r s  from growing) is very 

much t r a j e c t o r y  dependent. Thus one is l e d  t o  t h e  rather i n t r i g u i n g  

thought that one of the  c r i t e r i a  for t r a j e c t o r y  design f o r  an i n t e r p l a n e t a r y  

mission should be that t h e  nominal t r a j e c t o r y  has, as one of  its p r o p e r t i e s ,  

a r a t h e r  broad class of "s table"  observation schedules.  

The sample problem whose r e s u l t s  are shown i n  Figures  I V - 1 ,  IV-2, 

and IV-3 i l l s s t r a t e s  t he  kind of propagated e r r o r  d i f f e r e n c e s  t h a t  can 

be a n t i c i p a t e d  when obse rva t i cn  schedules are changed. F'iqre IV-1 shows 

t he  propagation of a diagonal  element (Pll) of t h e  covariance matrix -- 
t h i s  &agonal element ref lects  uncertaint ies  i n  t he  e s t ima te  of t he  range 

component of t h e  s ta te  vector .  In a sense, th i s  componen; is t h e  most 

t 'observableff of t h e  p o s i t i o n  components, s i n c e  all the  elements of t h e  

measurement vec to r  y ie ld  some information about i t .  The f i v e  continuous 

p l o t s  connect v a l u e s  o f ' P  

ixocessed. The number of observat ion vec to r s  recorded du r ing  t h e  coas t  

varies from 4 t o  64 on t h e  f i v e  p l o t s ,  depending upon the l e n g t h  of time 

4 t between observations.  

computed after each observat ion has been 11 
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The in i t ia l  va r i ance  i n  t h e  e s t ima te  of range was assumed to  be 
2 100 km , which corresponds t o  saying that  t h e  

I f  c n l y  f o u r  obse rva t ions  are taken during t h e  c o a s t ,  then t h e  unce r t a in ty  

( 1 6 v a l u e )  i n  t h e  range grows by almost a f a c t o r  of t e n  and demonstrates 

marked uns t ab le  behavior. Due t o  the  i n i t i a l  u n c e r t a i n t i e s  assumed, four  

observat ions are not enough t o  keep t he  range unce r t a in ty  from growing. 

I f  observat ions are taken every 50 kiloseconds,  however, t h e  unce r t a in ty  

i n  range is kept  a t  more or l e s s  the game l e v e l .  The remaining curves 

show the  a f f e c t  of choosing time i n t e r v a l s  between observat ions t h a t  f a l l  

between t h e  two extremes. Each s e p a r a t e  p l o t  r e p r e s e n t s  a doubling of 

1 C v a l u e  was 2 10 km. 

t h e  number of observat ions and i t  should be noted t h a t ,  due t o  the  s p e c i f i c  

t r a j e c t o r y  being analyzed, t h e  r educ t ion  i n  P 

t h e  observat ions is not  n e c e s s a r i l y  uniform. 

that r e s u l t s  from doubling 11 

Figure I V - 2  is a s i m i l a r  p l o t  of covariance matrix element Pb4, which 

ccrresponds to t h e  var iance i n  t h e  e s t ima te  of range rate. 

obse rva t ion  schedules  a r e  s t a b l e  with r e s p e c t  t o  t h e  u n c e r t a i n t y  i n  range 

rate. One might legitimately ask why range ra te  is so much more "observ- 

able"  than range for this p a r t i c u l a r  problem. The answer r e i n f o r c e s  the 

high degree of t r a j e c t o r y  dependence imFl ic i t  i n  determining "s table"  

observat ion schedules. 

s p e c i f i e d  coas t  per iod,  range rate p e r t u r b a t i o n s  about t h e  nominal value8 

grow very slowly. By c o n t r a s t ,  t he  state t r a n s i t i o n  matrices r e l a t i n g  

range per tu rba t ions  about t he  nominal, for t h e  same problem, have large 

elements. An unce r t a in ty  i n  range grows very fast as a r e s u l t  and musf: 

be observed more f requent ly .  For another  nominal t r a j e c t o r y  -- for e x q p l e ,  

A l l  of  t h e  

For t h i s  p a r t i c u l a r  nominal t r a j e c t o r y  and the 
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a near  c i rcular  o r b i t  -- per tu rba t ions  and hence u n c e r t a i n t i e s  i n  range 

might demonstrate t h e  same behavior as Chat shown f o r  range re te  i n  

r'igure I V - 2 .  

The t h i r d  graph i l l u s t r a t e s  s t i l l  another  phenomenon. Figure IV-3 

c l o t s  t h e  covsr iance element P a s s o c i a t e d  with the u n c e r t a i n t y  i n  the 

'Io'Jt o f  olane" comnonent of posi t ion.  The plane,  as  was mentioned i n  

Chapter 111, i s  t h e  nlane of t h e  nominal two-body t r a j e c t o r y .  D u e  t o  

t h e  na tu re  of t h e  measurement vec to r  assumed, t h i s  component of t h e  state 

v e c t o r  is t h e  least  "observable". And as demonstrated by Figure iV-3, 

n o t  even 64 observat ions taken during t h e  coas t  per iod can keep t h e  

u n c e r t a i n t y  i n  the  out of plane component from growing rapidly.  

33 

.__- 

The nurpose of t h e s e  first th ree  graphs is t o  demonstrate t he  r o l e  

tha t  obse rva t ion  frequency p l ays  i n  t h e  propagation of covariance matrices 

a long  a coas t ing  a rc .  I n  a d d i t i o n ,  i t  i s  hoped t h a t  t h e  high dependence 

o f  propagated u n c e r t a i n t i e s  upon both the  nominal t r a j e c t o r y  being used 

and t h e  kind of measurement data a v a i l a b l e  has been s u f f i c i e n t l y  under- 

scored. 

The next  two graphs, Figures  IV-4 and IV-5, d e a l  with t h e  problem 

of i n i t i a l  covariance matrices. Persons l e a r n i n g  about t h e  theory and 

a p p l i c a t i o n  of Kalman f i l t e r i n g  are o f t e n  t roubled by the  amount of 

assumably 2 p r i o r i  knowledge r equ i r ed  t o  implement t h e  process. 

t h a t  is demonstrated by t h e  f i g u r e s  is t h a t  i f  s e v e r a l  obse rva t ions  a r e  

going t o  be processed, t h e  a f f e c t  of the . . n i t i a l  c o v a r i m c e  matr ix  becomes 

very small after a pe r iod  provided that i-; has been chosen i n  a conservat ive 

way. 

The po in t  

The underlying problem used t o  demonstrate t h i s  f a c t  is the same 
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h e l i o c e n t r i c ,  3200 kilosecond coast ing arc used i n  t h e  first graphs. 

The same covarjance propagation, assuming t h e  same s i x t e e n  measurement 

v-ctors  w i t h  known u n c e r t a i n t i e s ,  was performed using one i n i t i a l  covar- 

i ; i n c r  m t r i x  t h a t  wf is  one hundred times a s  large as enothcr.  The elements 

of  t h t h  lartp oovwinnce have been d e s i l p a t e d  i n  the  p l o t s  o f  Figures I V - 4  

and IV-3 wi th  ia circumflex ("hat") symbol. 

before,  the covariance elements a s soc ia t ed  with r anse ,  o u t  of Dlane p o s i t i o n ,  

and r a z e  r a t e ;  the diagonal covariance element F i s  a s s o c i a t e d  with 

ou t  of plane ve loc i ty .  

t h e  r a t i o s  ? (P 1-l have dropped from one hundred t o  between one and 

two. The r a t i o s  P (P 1-l and PG6(PG6)-l a r e  higher  than the o t h e r  two 

due t o  t h e  r e l a t i v e  l a c k  of information about t h e  out of plane cha rac t e r -  

and Pb4 are, as pll' p33' 

66 
After t h e  sixteen measurements have been processed, 

kk kk 

33 33 

i s t i c s  being measured by t h e  observations.  

'Two comments a r e  warranted with r e s p e c t  t o  in i t ia l  covariances.  The 

work of Nishimura 

which i m p l i e s  that i f  the i n i t i a l  covariance.matr ix  has been chosen con- 

s e r v a t i v e l y ,  then all c a l c u l a t e d  covariances based upon the i n i t i a l  one 

will also be conservat ive.  

an i n i t i a l  covariance matr ix  more o p t i m i s t i c  than a c t u a l  can l e a d  t o  ser ious  

problems. The gist of t h e  concern is t h a t  an ove r ly -op t imis t i c  i n i t i a l  

covariance matrix propagates r a p i d l y ,  when measurement a c c u r a c i e s  are 

high, i n t o  u n r e a l i s t i c  covariances a s soc ia t ed  w i t h  subsequent state vec to r  

e s t ima tes .  Eventually t h i s  can lead t o  f i l t e r  divergence, a phenomcnon 

discussed i n  more d e t a i l  i n  connection with a la te r  graph. 

shows t h a t  Pkk(P&)-' will never go below u n i t y ,  

Also, i t  shou'id be pointed out  that choosing 
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Of course t h e  most important s i n g l e  f a c t o r  determining covariance 

matr ix  and u n c e r t a i n t y  propagation through a r e c u r s i v e  f i l t e r i n g  process  

is t h e  accuracy of t h e  measurements involved. This f a c t  i s  amply dem- 

o n s t r a t e d  by Figures  lV-6 and IV-7. Again, a 3200 kilosecond coas t ing  

a r c  along a h e l i o c e n t r i c  t r a n s i t  from har th  t o  Mars was used for t he  

unnderlyinp problem. Thirty-two observat ions were taken during t he  c o a s t  

and these  measurement v e c t o r s  were processed us ing  r ecu r s ive  f i l t e r i n g .  

11, P33, P4,+* and P The  graphs of P 

( a f t e r  each observat ion)  u n c e r t a i n t i e s  i n  the four elements of t h e  s t a t e  

v e c t o r  def ined e a r l i e r .  

show the  propepation of updated 66 

* 
33’ These p l o t s  are t o  be compared with Pll* ? 

Pb4, ani PG6, which were obtained from a sepa ra t e  covariance propagation 

t h a t  assumed measurement accu rac i e s  an o rde r  of  magnitude l e s s  than t h e  

a c c u r a c i e s  assumed i n  propagating t h e  elements Pkk. 
* 

Looking more c l o s e l y  a t  t h e  s p e c i f i c  p l o t s  f o r  Pll and Pll in Figure 

IV-6, one can see t h a t  d e s p i t e  t h e  f a c t  t h a t  t h e i r  i n i t i a l  u n c e r t a i n t i e s  

i n  range were equa l ,  a t  the end of t h e  c o a s t  t he  va r i ance  i n  range due 

‘io t h e  less  accurate measurements is about fifty times g r e a t e r  than the 

va r i ance  i n  range r e s u l t i n g  from using the more accu ra t e  measurements. 

I n  a d d i t i o n ,  t h e  more a c c u r a t e  measurements appear t o  have s t a b i l i z e d  t h e  

growth in range u n c e r t a i n t y  while P 11 

With r e s u e c t  t o  t h e  accuracy of t h e  out  of plane p o s i t i o n  estimate ( P  

P 

ments 1 s  more pronounced. After t h e  coas t ing  a rc ,  d e a p i t e  the f a c t  t h a t  

* 
is still e x h i b i t i n g  uns t ab le  behavior. 

vs. 
33 

* 
) ,  t h e  degradation i n  t h e  f i l t e r i n g  process  due t o  l e s s  accurate measure- 33 

t h e i r  i n i t i a l  va lues  were equal ,  t h e  two covariance elements are separated 

by roughly two o r d e r s  of magnitude. This r e f l e c t s  1 G  u n c e r t a i n t i e s  i n  
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t h e  out  of plane p o s i t i o n s  t h a t  are d i f f e r e n t  by one o r d e r  of magnitude, 

almost a l l  of which can be a t t r i b u t e d  t o  the d i f f e r e n c e  i n  accuracy of 

the  measurements used for t h e  two cases. 

‘&e covariance elements a s soc ia t ed  with v e l o c i t y  unce r t a in ty  prop- 

aK:ation i n  F’ip;ure lV-7 demonstrate another p e c u l i a r i t y .  

I and F one sees t h n t  both elements Lire s t a b l e  and that, i n  a sense,  

the e x t r a  measurement accuracy has not  si f n i f i c a n t l y  reduced t h e  prop- 

Con t ra s t ing  
* 

44  44 ’ 

agated range rate uncertainty.  I n  the broad problem of prel iminary mission 

desiqn,  one of t he  major areas of study concerns t h e  r equ i r ed  accuracy 

of the measuring devices. An i n t e r e s t i n g  f a c t  t h a t  should a f f e c t  t h e s e  

s t u b e s  is t h a L  once t h e  propagated u n c e r t a i n t i e s  are h g h l y  s t a b l e ,  as 

shown by Pk4, i n c r e a s i n g l y  accu ra t e  measurements w i l l  

u n c e r t a i n t i e s  i n  a way commensurate with the inc reased  accuracy. Thus, 

* 
reduce these 

from E .  c o s t  point  of view, t h e r e  is no reason t o  buy more p r e c i s e  (and 

more expensive) i n s t rumen t s  when the ies6 p r e c i s e  ones are a l r eady  accura t e  

enough t o  f o r c e  high s t a b i l i t y  on the propagated u n c e r t a i n t i e s .  For a 

specific mission, there is some se t  of measuring devices t h a t  rill  reduce 

propagated u n c e r t a i n t i e s  enough t o  be considered cost-optimal. 

The next two graphs conclude the r e s u l t s  from experiments conducted 

on a coas t ing  arc without rmdcourse correct ions.  Unlike t h e  experiments 

a i reaay  discussed, t h e s e  p l o t s  deal  with t h e  magnitudes of s t a t e  vec to r  

deviat ions.  

follows: 

been defined. 

turbance has been s e l e c t e d  based r e a l i s t i c a l l y  upon a covariance matrix 

The theme of Figures IV-8 and IV-9 could be descr ibed as 

assume a coas t ing  a r c  a long a chosen nominal t r a j e c t o r y  has 

Assume f u r t h e r  that a s p q c i f i e d  i n i t i a l  s ta te  vec to r  d i s -  
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Yssociated with t h e  i n i . t i a 1  conditions.  If the a c t u a l  -- measurement 

t k C  t he  measurements are a c t u a l l y  much better, one can i n c r e a s e  conver- 

gence and still circumvent the  divergence problem by us ing  a r b i t r a r y  

\iynamic n o i s e  $. 

Thp 3?.0ts E 1, E 3 ,  E 4 ,  and E i n  the  two fi-uret ,  :ir- s i m p l y  magni- 

tudes of  s t a t e  vec to r  pe r tu rba t ions  propagated along t h e  coas t ing  arc by 

6 



using t h e  s t a t e  t r a n s i t i o n  matrices. Thus, f o r  t h e  nominal t r a j e c t o r y  

t;ein,q used, an i n i t i a l  pe r tu rba t ion  of 10 km. i n  range 6:rows t o  approx- 

i m t e l y  8000 km. by t h e  end of t he  coast .  

pc?-turb;iti on :,r!ov:s n similar growth, although the two velocj. t v  perturb- 

,itton:; - r o ~ : ~ : ~ ~ t e d  ? n  F i p ~ r o  i V - C ;  o r e  n o t  increseinK r a p i d l y .  The proFram 

w a s  c?xt'rck:;cd i II .i ts s imulat ion mode f o r  t h e m  ;,lots nnd the q u a n t - i  ties 

0lk :.;how t h e  r n d y ; r ~ i  tude  of t h e  di  f f e rence  betwt-er. tht. f 3 C t U i i . L  and estim:tt.?d 

s t a t e  vector components a f t e r  each of the s i x t y - f o u r  observi i t i .ons  were 

processed. By c o n t r a s t ,  t he  va lues  (o(k:Q a r e  the  magnitud4ts of ac tua l -  

es t imated d i f f e r e n c e s  r e s u l t i n g  from using a non-zero value f o r  Q i r  the  

e s t ima t ion  process. 

The out of plane pos i t i on  

I 'kis problem was, i n  a sense,  "rlgged" f o r  t h e  d e s i r e d  e f f e c t .  I n  

makiii,? t he  rm w i t 5  (?= 0, t h e  assumed covariance a s s o c i a t e d  with t h e  

measurements was made more or less  commensurate with t h e  i n i t i a l  covar- 

i a n c e  matrix ? . Thus, even though the  a c t u a l  measurements were one 

hundred t i n e s  more accura t e  than aiisumed, t he  e s t ima t ion  process  w a E  

reluctant to unweight i t s  _a priori information because i t  had been l e d  

t o  be l i eve ,  by t h e  assumed covariance s ta tements ,  t h a t  t h e  measurements 

were no more accu ra t e  than t h e  i n i t i a l  information. The r e s u l t  of this 

was a very slow convergence (decreasing values  for o( 

f i g u r e )  i n  which t h e  i n i t i a l  Estimate was very slowly thrown out .  From 

Figure IV-8 i t  can be seen t h a t  t h e  accuracy of t h e  positi.on estimates 

e i t h e r  worsened or f a i l e d  t o  improve. T h i s  wafi due t o  t h e  r ap id  growth 

of pos i t i on  unce r t a in ty  and, d e s p i t e  t h e  h g h l y  a c c u r a t e  neaswements 

a c t u a l l y  recorded, t h e  unwil l ingness  of t h e  e s t ima t ion  procedure t o  put 

0 

i n  t he  second k 



t oo  much s tock i n  subsequent measurements. 

'?tie use ut' n non-zero 13 causes the FropaEatcd  cov'rr  !;1:>ce m:;t,rix 

assocl;.ted wi th success ive  s t a t e  vector  est-irnatrls t f)  n o w  v e r y  r a p i d l y .  

The v a - i d i t v  o f  the j.rAittal. e s t ima te  becpmes m 3 r ~  snd  nwre i c  qce;r,-t.i.on and, 

c o n s $ - u e r t l v ,  t h e  e s t !  m t j  on p'ocese i s  f o r c e d  :eventual i y  to r e ? y  almost 

.~3m??.eteig upon its ne* n!eihsurement. For 'this "rlgj~:ed" n w b l e m ,  the 

mcasurcaents were a hundrec! t i  rnes more accura t e  t k a n  the esti.ma ti on 

c,roccss .issume(? m d  csncequentiy t h e  esti inated s t a t e  vec to r  converged 

soaewnctt uncanruL:! to the  a c t u a l  s t a t e  vector ,  tis dcrnonstrzted by the  

::lots of (Hk!., i.11 Figures IV-8 and IV-9. ,. 

It s h o u l d  a.l.50 be rioticed t h a t  a f te r  two observation vec to r s ,  one 

hun4red ki.lose:mds ;tf t e r  t he  beginning of t h e  coSst ,  the e s t i m a t e s  

using :; 3 0 were more accu ra t e .  T h i s  is cnderztcindable s i n c e  using 'an 

arbl t rarv ': does cailse the e s t ima tes  t c  be nwi-c:;tiina: i n  the  minimum 

variance sefise an?, a f t e r  only two observst...;ns , ::?e i n z t i a l  u n c e r t e f n t i  e s  

FL2ve n.ot grown enough t o  cause the  a pr ior5 information t o  be effectively 

discarded. These two graphs demonstrate ?.!Yc L. j u d i c i o u s  use o f  the 2 

matrix,  iven  when i t  is arbi t rary,  can p?rn:?::ce r:.3rl? s a t i s f n c t o r y  r e s u i t s  

::-on, the est ic int i  on procedr?rP. 

The remainder of t h e  n u m r i c a l  experitrents w r t a i n  t.'! missi ons 

i rwolvinf; t w o  rcidcourse c o r r e c t i o n s  and t h r e e  c o a s t i n y  a r c s  b p f c r c  and 

Lifter the corrections. Again a c e r t a i n  oomnal trajectory k i s  been 

s?ec i f i ed  but this time a midcourse guidance poli.cy has been included i n  

the  problem. The guidance l a w  is simple f i x e d  time of a r r i v a l ,  whose 

ziurr~ose ;s t r :  null t h e  pos i t i on  dev ia t ion  from the non;.n,il :A[ t h e  



~ r ~ - d e t r r m i n e d  t a r g e t  time t = 14400 ki1,oseconds a f t e r  i n j e c t i o n .  Tile two 

3i.i.i dance c o r r e c t i o n s  a r e  mpar t e d  a t  times t = 5000 and 10000 k i  lL3,::econds 

. a f t e r  t h e  i n i t i n t i o c  of  the niission. The most important results cwnc 

tk.e ::i-opgated covariance matrices.  After  . s o m e  prel iminary t r i o l s ,  i t  

w a s  decided to run a l l  t h e  experiments w1t.h a snidl ,  non zero dynamic 

noise 4. i n  the process  t o  Frevent divergence of a kind th:iz would obscure 

t h e  si@ficance of  the results.  

A l l  of t h e  mss ions  considered had the same basic s t r t c t u r e .  Ten 

observat ion v e c t o r s  were recorded and processed dur in . -  each of the t h r e e  

coasting periods and t h e  same nomnel  t r a j e c t o r y  w a s  used for a l l  t h e  

missioas.  Piidcourse execution e r r o r s ,  both monitored and ur-monitored, 

were assumed for some of the more complex ana lyses ,  a l t h o u g h  the first 

t h r e e  graphs present  r e s u l t s  of problems i n  which the midcourse execution 

errors were zero. 

F i g u r e s  IV-10 and I V - 1 1  pertain to  the  same experiment. The problem 

was t o  determine the  result of d i f f e r e n t  assumed and a c t u a l  measurement 

a c c u r a c i e s  on the p r f o r m a n c e  of t h e  mission. Lverything e l se  about t h e  

missions w a s  i d e n t i c a l .  The fou r  t r a j e c t o r i e s  whose s i g n i f i c a n t  da t a  is 

presented i n  figures IV-10 and I V - 1 1  are c h a r t c t e r i z e d  i r i  t!ie thole 

immediately below. 
1 
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Low 
I 

'l'ABlJ, 1 V - 1  

i-.i>si ons d e f i  ned according t o  assumed 
;jr!d actus1 meaburement accuracy. 

LOW High 

Mission mssi on 
2 4 

T h i s  problem' demonstrates t he  value of having a s imula t ion  c n p a b l i i t y  

i n  an i.nter::lanetary analysis ~rogram.  The actual! nensurement a: c:irncy 

s ta tement  was used t o  gene ra t e  random no i se  pe r tu rba t ions  t h a t  cc r rup ted  

t h e  measurerne,nt vec to r s ,  where the non-noisy neasuremnt  v e c t o r s  were 

CDmDUted from t h e  a c t u a l  s t a t e  vector  informstif:?. Un t h e  ; i ther hand, 

t h e  assumed neasuz-ernel~t a c c u r a c i e s  were Jsed i n  t h e  e s t i m o t i  >n process 

t o  d e t e r n i n e  t h e  weight to  be accorded t o  the  new observation. 

M p u r c  iV-1P shows t h e  a c t u a l  s t a t e  vector  d e v i a L o n  1~ the r a x e  

comnonent for t h e  four missions as  a functj-on o f  time. The : ;ybscr ipts  

an E r e f e r  t o  the i n d i v i d u a l  missions defined i n  the aSovt. tib'!e. An 

i n i t i a l  ranEe deviation of t h ree  ki loi! ,e ters  was aJsumed and t u s  devi : - . t ion  

har! increased by about a factor of m e  hundred p r i o r  t o  th,. f',rs+ mj.dcourse 

co r rec t ion .  Since t h e  s t a t e  t r a n s i t i o n  ma t r i ces  t h a t  nropat;ate p e r t u r b -  

a t i o n s  .3bout t h e  nominal cr ; jectory were t h e  same f o r  a l l  fouy rmssions,  

:.he > l o t s  coiricide u~ until t he  time of f i r s t  midcourse co r rec t ion .  A t  

the  time t = ' jKOkiloseconds,  a nidcourse c0rrestS.m is icp;lrted, based 
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upon the  s t a t e  v e c t o r  estimate a t  t h a t  time, t h a t  is designed t o  n u l l  

t he  p o s i t i n n  d e v i a t i o n  froiri the nominai a t  the t a r g e t  t-ime t = lb i tX> 

kil.3st:conds. The v a r i a t i o n s  i n  propagated range nerturb: . i  t i o n  between 5000 

and 10000 kiloseconi?s are dlie to d i  f f e r e c t  t n i  dcourse cnrrect ic in : :  whi i :h ,  

. l r L  t:iTn, i!nlsly d i  fferpr:t s t a t e  vcactor .?stinn te:; : : t  t - :X%70. 

' The  -i mpri:-ted c o r r e c t i o n  f o r  r:iLsr;ions 1 and ' W:.IL v l r tu t i l l y  the same 

and the twr, .. .ror\agated r : lnKe v r \ r i ; t i o n s  a r e  in:;c:.c,rnS!e on t h e  ncsle of 

Firlure IV-lC. A t  t h e  time t = 10000, another  rn:icourse c(\ri- tctj .on i s  made, 

spin based u?on t h e  s t a t e  vec to r  es t imate  a t  t k t  time. Fc,r t hese  runs 

t h e  c o r r e c t i o n  i s  n e r f e c t l y  performed and the r e su l t i n :  ranre  dev ia t ion  

a t  the t a r g e t  i s  shown as the f i n a l  point or! the rlst. Fteci-31 t h a t  t he  

cur?ose of t h e  c o r r e c t i o n  w a s  t o  n i l 1  the position rit>viatioil a t  the t s r g c t .  

Assv.minz t h a t  t he  nuidance law was c o r r e c t l y  used, the final range Gevla-  

t i o n s ,  vnr:~ i . r+~ From 8x10'' kilometers  for  missior. 3 t o  6x10 

for mission 4, ciiri be a t t r i b u t e d  t o  the f a c t  that t h e  final Eidcourse 

correct i .on W;IS computed b:J using an est imate  of t h e  s t a t e  vec to r  t h a t  

w a s  d i f f e r c n t  from the  actual s t a t e  vector.  "!us is t rue  s i n c e  the mid- 

course execution was perfect. 

-5 k i l o r e t e r s  

F'igure 3-11 p l o t s  t h e  magnitude of  t he  d i f f e r e n c e  between t h e  a c t u a l  

and est imated s t a t e  v e c t o r s  f o r  t h e  f o u r  missions. The ? lo t s  r e v e d  t h e  

reason :Tor t h e  r e s u l t s  of t h e  ear l ie r  f igu re .  

of t h e  c r a j e c t o r v ,  a s  would be expected, comes f r o m  t h e  nis:;IoE t h a t  aSSllW:j 

The most ncciiyate e s t ima te  

the  measurements a r e  h ighly  accu ra t e  when they are .  Due t o  t h i s  estimation 

accaracv,  t he  midcourse c o r r e c t i o n s  e f f e c t i v e l y  achieve t h e i r  purpose of 

nullinr;; t h e  t s r g e t  r::nge deviat ion.  F i s s l m  1 i s  t he  secpn:  nast s-uczessfu!. 
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The measurements are act,!a!.ly the  same as i n  t h e  most e f f e c t i v e  nissior;, 

k,:: .3zr t o  t hc  aei;>rnrt<on of low Keasurernent accurazv ,  t h t v  ' - - +  gxx'en 

r x f t e r  := cr?rt.nir. noint.  The r s t i m a t e d  t r a - o c t o r v  then diverget; from t h e  

a t  t h e  t.;:rKet. 

-n 'L ,,e r c ' 3 t i v e l y  :. o r  : . - I S E ~  dev ia t ions  between 5OOO and 10000 kiloseconds 

~ t f  T ~ ~ S S ~ O C  3. I+, car, s r f e l y  be assumed t h a t  I f  the pyoper c o r r e c t i o n  ha1 

been rna.de at t=5000, the range pertUrbZtlOn between t h e  t w o  c o r r e c t i o n s  

wouid p a r a L c L  t h a t  ~f mission 3. It should also b e  pointed o u t  t h t  some 
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for F l o t t i n g  s i m p l i c i t y  -- t hese  v a r i a t i o n s  were due t o  an o;:crlb.tonal 

observat ion bejng by chance very cAose t o  precise.  

Fi+ywe 1'1-12 is a study of t h e  e f f e c t  of an e x i r m d j r  Large i r i i t i a i  

- e r i , i ~ b o : i o n  O R  the csti.matinn process. For tF.c .L? number mis: . ; ionb, 

.i:;v?+xerits .Cere cclr:.t'zt.? y assrimed to  be !15.~h. :. ?cc.ur + t e ;  fo- t h e  even 

ni;n:h.?r ?li.';sions, botn the a c t u a l  and assumed me.l:-ur-ement acc iracy was 

1 ow. 

h..?th enti o( were small efiough t o  drop :rnma-.r-; :ite;y of" t n e  x a i e  imd 

h:.ive nc t Seen shown. 

'ThP e k' o( k. rJ lotc  are t h e  same quant i  t i . c : s  ai. in tne : . : , e v i . , u s  ;.raphe. 

7, 4 

'?he only d l f f e r e n c e  betckeen these  m i s s i o n b ,  cthe-. than t h P  a-curacy 

c\f t k e  wasuremento,  is the i n i t i a l  st: tf,  v:!ctor Ferturbatl,. .n. .-.lthough 

:.be I n j e c t i o n  accuracy was assumed bo bl.: t h e  same in both.  i.:asl s ,  s: . 

i.2rc:ey I n i t i a i  percurbat j  on i n  ran,a' ~ a s  one mezber of a s i x  comconent 

;)ercurbatj.on taken from t he  56-hy-persurfac e de;ined by the i n - t i  ;11 co- 

vnr'rnce rr;atrix. Therefcre two e l ' f ec i s  are shown in Figure IV-i2. Due 

t o  the  l a r g e r  i r n t i a l  p e r t u r b a t i q n ,  a larger midcourse c o r r e c t i o n  is 

required to null che target ranEe deviation. Secondly, s i n c e  the original 

per tu rba t ion  is ,  p r o b a b i l i s t i  caliy, highly un l ike ly ,  the e s t ima t ion  process 

w i A i  have  t roub le  con.;ergi?-e; t o  t he  a c t u a l  s t a t e  vec to r  and determining 

?:it. ~ r c ? - , e r  trudcourse co r rec t<  on. 

--- 

For the i-,j.ahly zccurace rneasiirements, d e s p i t e  t h e  1ar:Te i n i t i . 21  

pe r tx rba t ion ,  an accurate s t a c e  vec to r  e s t i m t e  i s  achieved and t h e  tarRet 

rsiige .?eviati?n is e:  f c c t i v e l y  nulled. For the  l e s s  accu ra t e  measurements, 

the est imat ion p r o c e j s  does not  success fu l ly  reproduce the a c t u a l  t r a j e c t o r y .  

Although t h e  sercentage dev ia t ion  of the r!stimated t r a j e c t o r y  from t h e  

97 



I I 

i I j 
i 

1 
I 

I I 

io2 

10 

1 

i 
I 
I 

1 
. -  

i 

I 

I 
. - 

I 

20oc 6000 BOCG i95i30 12000 14400 

Fig. IV-12 

98 



actual.  t r a j e c t o r y  i n  t h e  second ins t ance  is roughly t h e  same, t h e  result ing 

errc:.r i n  thc rn:dcoursv c o r r e c t i o n  propagates i .nto a t n r ; : t s t  r;inKe tlevi n t ion  

th:- t  1s :i!ir,cst an o r d e r  of m a g n i t u d e  higher.  

r . 3  

. ! I C  rem:xn;  f i a r e s  n r t ?  ail concerned w l t h  a series of' s:x exper- 

I .mepts  ::.;wcj:ited w i t 5  ?I dccurse execution e r ro r s .  The six nls:;ions are 

dcfinc:d i n  t h e  t a b l e  immediately below. 

i: 

h i  t i a l  Uncertainty %easurement Uncertainty Zxecution Uncertainty 
Azavmed I Actual Assumed Actual Assumed I Actual 

S L S S L L 

s L S S L S 

I I I I I 1 c I 
I I 

I'ABLE IV-2 

The missions are c l a s s i f i e d  according t o  the size of the  t h r e e  major un- 

certainties assoc ia ted  with the es t imt ion  process. The so-called l a r g i  

u n c e r t a i n t i e s  r e f l e c t  covariance matr ices  roughly one hundred tines the 

s i z e  of t h e  s ~ ~ I A  u n c e r t a i n t i e s .  ?he above s i x  missions a w e  choser? f r 2 m  

a i l  c~.rrnutntion:j poss ib l e  i n  the t a b l e  t o  demonstrate c e r t a i n  key point 5. 

Figure TV-:? con ta ins  i n  t a b u l a r  form t he  da t a  a s soc io t ed  wi th  t h e  

s i x  rrissims i n v o l . v i w  midcourse execution e r r o r s .  The co.iumns show the  

est imated range rate j u s t  prior  t o  t h e  c o r r e c t i o n ;  t h e  actual.  range r a t e  

at t h e  & m e  t i n e  ( a  C f f e r e n c e  between these  two n a t u r a l l y  means t h a t  
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!one f o r  l a rge  C r r G r s ,  m o t h e r  f o r  small! were used  tc pyner.3te a i l  t h ~  

execution e r r o r s  i n  an a t t e m p t  t o  make t h e  results more r?+s:irly iin?Lfor% 

In F i a i r e  Z V - 1 4  the  a c t u a l  range deviation;:: from t *.. nonin.i.: are  

plotted f o r  411 six missions. What is most signi.Cjcar.t f m m  tki:; gr:>oh 

is tn-^+t, a t  least fc r  t h e  ranges of u n c e r t a i n t i e s  c n s i i e r e d  , by far :.he 

r.ost important contributor t o  fa i lure  to  n u l l  the target range deviat-ion 

is t he  execu%i-on error. The t h r e e  rnissicns wxth small execution e r r o r s  

aye neatly Rrouneil a n d  t hose  with la rge  execution errors a?so f a l l  t o : y t t e r .  

The f a i l u r e  t o  model measurement errors properly (consj d e r  € 2  vs. c4 
ar E.. vs. 

scc:iracies axe c m s c r v n t t v e i y  chosen. As was shown e a r 1 r t . r  C J \ ; P Y ~ Y -  

oc t imis t i c  messurement occuraci es are d i s a s t r o u s  i n  themse! v5s. Ir a d d i t i o n ,  

dxe t @  t k i e  small a c t l i - ?  measurement u n c e r t a i n t i e s ,  i n i t i a l  p e r t u r b t i o n s  

of H in7,ge mnrmit3i3e, even when riot; expected, d o  not  hinder the n r o c s s s  

i n  ;,E x- ' -m ,ya r?  yr-* -* ip - -  id.', b. - 

Gj) i s  re!.atively i n s i g n i f i c a n t ,  as long  as rness-ireme-:i. 
1. 
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T ~ ~ : c I ,  'Nert- w e d ,  one m5eht n o t  want to ;mpart a cnr rec t j r r ?  evcn wfien 

L ,  ;-J ? > r a w r a t e d  rarirc dt.v;atirsn i s  not nulled 3t t h e  t a rge t .  4notfier 

A 'g ;  t imate  and valua.51 e v a r a n e t r i c  stud-? would seek t o  determine tke 

. cxracy gains n a d e  h l  monitoring t h e  execution process  -- perhaps a mission 

,:11rFt even by deslgncd f o r  which t h e r e  are no major p e n a l t i e s  for failing 

~ 4 -  mscitc- m:~ c?f t h c  executicrr err3rs. 

103 



. . -L 

IL 
. I  

l,o-l’ 

-4 
:LO 

0 

--.-T-T--l I .- - - -  -1 . . . . _ _  . - . . . 

I I 

Time - Liioseconds 



Time - Kiloseconds 
ng. IV-16 



106 



Flow Charts  for th,? 
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APPEJDIX 2 

r'low Charts and L i s t i n g s  f o r  tne 

T u t o r i a l  Program 

A- 17 



A- 18 



E X M I  

CONTI NU E ,i 
J, 

G6 Tcd 

EXM 2 
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F X M 2  T N I T T A L T Z A T I ~ N  
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E X M 2  
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31 
<CALL OYNM G R O U P %  A c> 

C R L L  I N F M  

C O N T T  N U E  b - C 
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E N T E R  

RETURN (3 
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PQ)LM 
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RETURN 0 7  
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NO T r  TT r c 

CQNTTMUEO - NEXT P R G E  
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D A T T N  
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-1 R 

L = Z J t J  y =  L 
J 

L I =  L - 1  

5 =  0 .0  
L 

L = Z J t J  y =  L 
J 

L I =  L - 1  

5 =  0 .0  
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R N U M  

w w =  w w  + w w  
Y Y Z  Y Y  + Y Y  

z z =  r z  -+ z z  
Y I  = Y Y -  9 9 9 9 9 9 7 .  
ZI= zz-  7 9 4 9 4 7 1 .  

- WI= W W -  4L99G 9 I- 
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C 
L 

THIS IS THC MA1,EJ PR,OGRAH'THAT INCLUDES E X M l t E X M 2 r A N D  EXM3 --___- 

DIMENSION IESN(10)t T E V ( 1 0 ) t  I G E V ( 1 0 )  
C O Y M O N / P O L R / K ~ , K L ~ P S I P ( ~ P ~ ) ~ P H I ( ~ , ~ , ~ ) , K L L  
CONP~WPSIR~~ETAR I A2STAH P AJSTARI B l s r A R ~ ~ ~ ~ A ~ ~ 3 ~ ~ A R ~ C ~ T A R -  
COMMON/~NI/MUITHEDTE~THET~EIDELTIRIRDOTITHETAI~HEDTIH 

C O M M O N / F L A G S / M C C F I ~ A V F ~ I G U I D F I I G P R F ~ I R E S F  
LO-M M O ~ i ~ - A ~ ~ S - I ~ M  A 4 I S I G K A 5 I SZSTZ6XI G M A P 
C O M M C N / N A V H / X H ( ~ I ~ ) , X A P X ( ~ I ~ )  
C O M M O ~ / F L A G G / I P R N T F ~ I I E S N I I I G E V I I E S ~ X I I E V F ~ P ~ I S ~ ( ~ ~ ~ I ~ )  
C o F l M o I W m P T  I DLl r t DELTN 

I * COMMON/FINIF/INIF 
I c 

C .  
NEAL blU' 

REAU(St266) ,IRUNX 
--RUN = 0 

200 FORMAT (15') 
C 
C EXMl MODEL 1 
c 

m(3'--rFTRUN . G E e  IRUMX) GO TO 101 
lRUN = IRUN + '1 

C 

c 102 CONTINUE 2 
C EXl-42 INXTlALIZAT~Ol4 - MODEL 1 
C 

I fEA0(512%=PTt IESNXtKLt JEVL 
I 202 FORMAT(415)  ' 



, IGUIDF = 0 
IPRNTF = I 
I L P T  = 0 

C EXM2 MODEL-1 

I 8 I F ( I I E S N ~ E O I , I E S N X )  GO TO 100 
IF(INIFoEWo1) 60 T O  .2 

I '3E V = JEV + 1 

60 T O  4 

CALL DATI1.I 
2 COmrfluE 

C THE FOLLOWING BLOCK OF DATA ARE I N I T I L I Z A T I O N  VALUES THAT ARE PERMENENT 

C 
c NTM I N I T I A L  

c - A - T -  A- 

I lDSC= TO 
t i  = H*R*THEDT 

c tJSIM I N I T I A L  
IRESF = 1 
A l S T A R  = ((2oO*MU)/R**3)+THEDT**2 

C ' GUIDM INXfIAL 
Mc-C-F = 0 
CALL INFM 

. l N I F  = 0 



IF(IIPT IPT) GO T O  13 
GO TO 10 

13 I m  - - 1 
IlPT = 0 

10 IF (TO*GE*TTE,V)  - GO TO 14 
0 15 

14 TD =TTEV 

LF(IIESNoGEo,IIGEV) GO T O  16 
GO TO 15 

1N = TTEV 
NAVF = 1 
IT-s = 0 

15 CALL NTM 
IF(IGPRF*EQ*l) GO TO 18 
lF(NAVFoEQo6) GO TO 30 
CALL TM 

~ x m I D ~ =  1 

1 

31 CALL DYNM 
3 3 C A L ~ I 7 ~ b l  

I F ( M C C F o E Q o O )  GO T O  6 

30 lFTl%VF.EQ,'O) 60 T O  6 
GO TO 31 

60 T O  33 

20 CALL POLM 
CALL XNFM., 
GO TO 6 . . _- 

101 STOP 



_-_ -- 
+ 

SUBROUTINE NTM 

C O M M O N / I N I / M ~ ~ T H E O T E ~ l H E T A E ~ D E L T , R , R D O T ~ T H E T A ~ T H E D T ~ H  -_  

c i 7 ~ ~ o ~ i ~ ~  T D, TD s v 
REAL MU 

T O S V  = TD 
A = MU/Ft**3 

E = RDUT.*CELT 
F = MU/R**2 

GEL1 = TD=TDSV - 

C = DELT**2 /2r0 -- 

24 R = R + OELH 
25  ROOT = ROOT + DELROT 

- 7 6 T R E D T  = H/R**2 
27 THETAE = THETAE + (THEDTE * DELT) 

C THE hEXT STA MEN1 CALLS THE P S I  MODULE TO CALCULATE THE ELEMENTS 
T O  F-T K€--TRXd S F T-IOXMfTR nm6-GxMMA MAT R I X 

CALL PSIM.' ' 
HETURN 
END- 



--- - - 

SUBROUTINE P S I M  
C T H I S  SUBROUTINE OETERMlhES THE ELEMENTS OF THE P S I  AND GAMMA MATRIX - 

~ - x - s - - ~ m ~ ~ ~ ~ m - ~ o ~ ~ i 0  
DIMENSION P ~ ~ ( ~ I ~ ) , G A M M A ( ~ , ~ ) I S I S I P ( ~ I ~ ) ,  S I D P ( ~ , ~ ) ~ S I G A M P ( ~ P ~ ) I G A  

o M M P P ( ~ I ~ ) I P S I Q ( ~ ) , Q D E L T ( ~ )  
C Q M M O N T P - ~ R / A ~ S ~ A R I A ~ S T A R , A ~ S T A R I B ~ S T A R , B ~ S T A R , E ~ S T A R , C ~ ~ ~ R  

COMMON/FLAGS/MCCFINAVFI IG~~ IDFI IGPHFI IRESF 
COMMON/INI /MU,THEDTE,THETAE,DELT,R,RDOT~THETA~THEDT~H 
COMMON/POCR7k t K L  t PSXP ( 6  I 6 1 #PHI ( 6  I 6 t 6 1 t KCL 
C O M M O N / P S I M R / G A M M A P ( 6 , 1 )  
C O M M O N / S Y N R R / X ( ~ V ~ ) V Q ( ~ ) , Q P ( ~ )  
C3mm7-0mR / t< S I S I ti FiQ ( 3 1 
O A T A  TNOP1/6.28318/ 
REAL MU 
I F K t S F  .Ea. 0 )  GO IO 1 
DO 8 0  I = 1 ~ 6  

60 PSIP(It3) = 1.0 
GO TO 80. 

80 CONTINUE 
81  DO 82 I = 1t6 

G PT13--=-OTO 

IRESF = 0 

-----7-o-PsIP(ITJ)= 0.0 

82 GAMMAP ( I t 1 1  = 000  

W O W  TI1ATSTAKHT1,NG VALUES ARE OBTAINED WE C O ~ - ~ I ~ U ~ - H ~ ~ R O G R A M -  
C AND DETERMIEvE THE P A T R I X  ELEMENTS FOR PSI AND GAMMA 
C 
13 T E A  1s-r m 
2 U l S T A R = ( ( 2 , U * M U ) / R * * 3 ) +  THEDT**2 
3 A I  = 0 . 5 * ( A 1  + AlSTAH) 

5 AZSTAR = 2oO*R*THEOT 
6 A 2  = 0 .5  * ( A 2  + A2STAR) 

11 A3STAH = 1.0 /R**2 
9 A 3  = 0 . 5  * (&3 + A 3 S T A R )  

--A 2 7 2 S - ' f  A I 1 

T f i  3 7 A 3 S T A R  

10-1 = UlSTHI4 
11 BlSTAR = - ( ( 2 ~ O * H D O T * T H E D T ) / R * * 2 )  

17 83STAR = 2200 * R O O T ) / R  

-. 



29 C = 015 * ( C  + CSTAH)  - 
J o C A P D 2  = 1.0 + (C) * (DELT**2 /4 *0 )  . .  

3 1  C A P C l  = -((C)*(OELT**2/(2a0*CAPD2))) 

C FROM CONSTANTS A B O V E  WE WOW FORM THE P S I  A N D  GAMMA MATRIX ELEMENTS 

P S I ( S t 4 )  = CAPB2 *'1000, 
PSI(St5) = 210 + C A P 8 3  
psn576)= o * o  



I 
C C A L C U L A T I O N S  FOR THE NEh PSI PRIME AND GAMMA P R I M E  M A T R I C E S  FOLLOW. 
C 

c C A Z C U L - A T I U N S F O R  THt  P S I  PRJ Mt M A T R I  X 

Y T D P  ( I  t ~ J I  - 0  

00 50 I = 1 r 6  
DO 50 J = 1 r 6  

DO 55 1 = lt6 
DO 55 J = 1,6 
SIDP(IPJ) = S I O P ( I t J )  + PSI(ItMM) * P S I P ( M M ~ J )  

- 

- D O  55 MM .. 1 ~ 6  

55 CONTINUE , - D O T I T 6  

I 67 PSlP(1tJ) = SIDP(IPJI 
I DO 67 J = 1 t 6  

-c- 
C C A L C U L A T I O N S  FOR THE GAMMA P R I M E  M A T R I O  

00 69 I = 1 r 6  
69 5 I G A M P ( I t 1 )  = 0.0 

00 65 I = 1 ~ 6  
00 6 5  MM = 1 ~ 6  

DO 66 I = 1,6 
65 S - I G ~ ~ P - ( l t l l  = S I G A M P ( I t 1 )  + PSI(IvMM1 * GAMMAP(MMt1)  

66 b A M M A P ( I r 1 )  = S I G A M P ( I v 1 )  + G A M M A ( I t 1 )  
c ~ ~ E - % ~ ~ ~ ~ o 1 s ~  Q 1s O 8 T A I N E D  

00 4u f = l t ' 3  

I _ .  ... 

I 
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SUBROUTINE TM 
-crH-i.S C T H I S  -R.o- SUtjROUTiIJE - IS A SIMPLEEARTH B S E D  TRACKING MODULE, RESULJS--OF- 

U I l @  GIVE THE OBSERVATION MATRIX, 

C THE NEXT STATEMENTS CALCULATE RANGE AND RANGE-RATE 
R h G  = (k * *2  + RE**.2 2 , 0 * R * R E * B ) * * 0 * 5  
P-=-(l.O/fi-N G 1 
HNGDT 2 P * ( ( R  -RE*B)*RDOT + (R*RE*C*D)) 

C THE NEXT STATEMENTS CALCULATE THE COSINE AND S I N  OF RNG - ANGLE-ALPHA 

C LIETERMIN€ ELEIVEhTS OF THE OBSERVATION M A T R I X ,  - - - ~  OBTAINED BY 
cEXm&TmNIGE AND hANGE ANGLE EQUATIONS, 

c SET UP THE ABOVE ELEMENTS IN-AN A R R A Y  FOR OBSERVATION M A T R I X  

A-60 



S U B R O U T I N E  DYNM 
C T H I S  D Y N A M I C S  SUBROUTXNE USES A S E R I E S - 1  MOOEL* I T S  P U R P O S E  IS TO 

- - C - - € ~ P U T E - W ~ C R ~  A I C T o  F S T A T E , M I D  COmS-E--V E LOC I T Y 
C C O R R E C T I O N S ,  E R R O R S  IN THOSE C O R R E C T I O N S ,  T A R G E T  M I S S  A S S O C I A T E D  
C W I T H  T H E  C O R R E C T I O N S t  A N 0  N A V I G A T I O N  E R R O R S  A T  P R E S C R I B E d  P O I N T S  

--C--A-i3RIS-7RE-iRFlTN AL IKA JECTOR Y t A N 0  ~ ~ P ~ i A ~ A T - 1 6 K 3 T -  THESE E R R O R S  
DlMEt\lSIOI\S P S I X V ( 6 t l ) t  G A M H ( 6 t l )  
C O M M O ~ / P S I M R / G A M M A P ( 6 , 1 )  

- C C  MMO 1 \ 1 7 S Y N R R 7 X r 6 - [  6 1 
C O M M O N / G Y N R / H S , S I G M Q ( 3 )  
C O M M O N / P G L H / K , K L , P S l P ( 6 r 6 ) r P H I ( 6 , 6 t 6 ) , K L L  

C O M M C ~ / C G ~ T t ~ / E ~ ~ t ~ l ~ r E M ~ ~ ~ l ~ ~ D ~ L ~ V P ~ 3 , 1 ~ ~ ~ ~ U ~ 3 t 3 ~ t P ~ M ~ ~ ~ 3 )  
COMMON/FLAGS/MCCFvNAVFtIGUIDF,IGPRFeIRESF 

T OMMG N - ~ N  1-1 et~--,'-ii-r EDTGTKWE i-0 E% TYRYR Do-T-; T KE T AT TREBT , H 

c 
C CHECK THE P I O C O U H S E  C O R R E C T I O N  F L A G ,  IF I T  IS E Q U A L  TO O N E  U P D A T E  THE 
C U Y N A M I C S  D A T A  AFlER M I D C O U R S E  C O R R E C T I O N  )vtWtGATiON 

- - c F T S - K ~ ~ T ~  0-- VEATE--TRE- D m S - - D  A r A  F T E R-A 
C T I M E  A D V A N C E  
C 

-----IF CMCCF -1 1 10 # 12 t 10 

C 
c C A L C U L A T E  X ON T H E  F I R S T  P A S S  WHERE - X = P S I * X  + G A M N A * R  _ A _ _  + Q -. -. 

10 00 11 I = 1, 6 
' 11 PSXXV(It1) = 0.0 -- -c 
c MULTIPLE THE P S I  M A T R I X  BY T H E  O L D  X V A L U E  A N D  PLACE THE R E S U L T S  I N  
C P S l X V  - .--- - -. -- --- i -7 

00 16 1 $ I t 6  

C MULTIPLE THE GAMMA M A T R I X  BY RS, A VECTOR -- O F  PARAMETER ERRORS, AND --_- % 
-'HE R E S U L T S  IN GAMR 

c 
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SUBROUTINE OESM 

C CHECK N A V I G A T I O N  F L A G ,  I F  NOT O N E  GO ON T 0 , T H E  N A V I G A T I O N  MODULE 
-?IF ONE CHECTTF~EFF~UCOUHSE C O R R ~ C T I O N  FLAG 

C 

C '  
C CHECK MICCOURSE C O R R E C T I O N  F L A G ,  I F  I T  IS ONE CONTINUE O N  TO THE 
C N A V I G A ? I O N  - ,M,CCULEt I F  IS I S N P T  ONE C O M P U T E  THE O B S E R V A T I O N  D A T A  -- 

If ( N A V F - 1 )  1 0 1 1 2 ~  1 0  

- C  

C 
12 l F ( M C C F - 1 ) 1 1 ~ 1 0 ~ 1 1  

- C C X C X C A T E X  kHERE = H+X + L*Ej + V 

C 3 3  
--THE L M A T A I X  IS MULTIPLIED B Y  THE B M A T R I X  AND THE RESULTTSTA~ & 

C Z IS C A L C U L A T E D -  -- 
- C H % - F A L t j  + \I IS EQUAL TO 2 

c C A L L  THE h A V I G A T I O N  M O O U L E  
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I c CHECK MCCF FLAG. IF ONE, COMPUTE KAVIGATION DATA, I F  NOT ONE, MODIFY 
c NAVI'GATIGN DATA AFTER A MIDCOURSE CORRECTION I -c- 

C CREATE AIOEN AS A 6 @ Y  6 IDENITY MATRIX  
- C . CAcCaLTTES P PRIME 

C P PRIME = PSIP*P*PSIP  TRANSPOSE + Q 
C MULTIPLY MATRIX P S I P  BY MATRIX P AN0 PUT RESULT I N  PSI.8 

0018-1 = 1,6 



C FINDS THE TRANSPOSE OF H M A T R I X  I 

H T ( 1  t3)- ZhM (Jt I )  -- 
21 P P H T ( I P J ) = O I O  

C MULTlPLY P PRlME BY H TRANSPOSE AND PUT RESULTS IN PPHT 

DO 23 K K = 1 t 6  

DO 24 I =1*4 
23 P P H T ( I t J ) =  --- P P H T ( 1 t J )  + P P ( I t K K ) * H T ( K K t J )  

DO 24 J =lt4 I 

24 HPPHT(1tJ)  = O o O  
T M U L T I P L 1 E - S  W BY TFIE ABOVE PPHT AND PUTS R E S K T S  INTO HPPHT 

DO 25 I =1*4 
DO 25 J =1t4 
D n 5  K K = 1 t 6  

25 H P P H T ( I I J ) = H P P H T ( I P J )  + H M ( I t K K ) * P P H T ( K K t J )  
C ADDS HPPHl TO PV 

00 26 I = 1t4 
00 26 J = 1t4 

26 HPHP(It3) = H P P H T ( I P J ) + P V ( I ~ J )  
C S O ~ R O ~ I T - ~ ~ E - ~ ~ T ~ T A K E S  INVERSE OF HPHPP AND PLACES TKFGEsULTINHPHF 

DO 30 I =lt6 

3 0  AKWIIJ) f A K H ( 1 t J )  + A K ( I t K K ) *  H M ( K K t J 1  
SUBTRACT q*H FROM THE IOENITY _-___ MATRIX "-sj--3-2--1T1,6 C 

- .  
UC 32 J =! 1t6 

80 CONTINUE 



C CALCULATES X HAT PRIME 

DO 36 I = 1t4 

I 

- i -  
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SUBROUTINE GUIOM 
C T H l S  GUlDANCE. NODULE,USES A SERIES-1 MODEL AND IS A COMP_A_N_I-ON TO THE 

- - C D Y M A M i C T M 6 D U L E .  I T S  MAIN FUNCTION IS TO COMPUTE THE R E Q U X R E F  
I C MICCOUR5E GUIDANCE CORRECTIONS AND OTHER RELATED D A T A  SUCH AS THE 

I .-. 

COMMON/POL/G(6,6,6) 
COMKON/POLH/KtKL,PSIP(6t6) rPHI (6 ,6 ,6 ) ,KLL __ 
~ o ~ M o r ~ / - ~ ~ ~ ~ ~ - x - ~ ~ ~ ,  1 t X A P X  (6 P 1) 
C O M ~ C N / ~ L A G S / ~ C C F ~ h A V F ~ I G U I U F , I G P l ~ F ~ I R E S F  

c 
L H € C X  Th E- MTSE O U R  S F - C - U F i R W O  N-FL3 G X F - E  Q m - L - l n N E ~ O ~ O ~ T O - T H  E 

C CONTROL MODULE, I F  NOT EQUAL TO ONE 
C CHECh I H E  GUlCANCE FLAG, I F  I T  IS EQUAL T O  ONE COMPUTE MIDCOURSE 

C 
---C-~RREZ'Tr6rJ-DA~A~ I F  r r - r S m T 0 N E - C  ONT I NUE ON T m E - C T N T  R T c - O D r  

I F ( M C C F * E Q * l )  GO T O  7 
7 1  F- (- 1 GU I 0 F x - - n 7 ,  1 577 

15 CONTINUE 

- T O - - C  0 N T-rN (JET 
l F ( K  - K L )  6t20r6 ~- 

IGUIDF = o 
GO 70 7 
7 

I C CALCULATE THE EN M A T R I X ,  THE DELTA 1 MATRIX, AND THE MAGNITUDE OF THE 
DELTA v M A l R l X  OR VECTOR ___- 

C 
1 -c 

6 DO 10 1 = 1 t 3  

C 
c BY THE APPROXIMATE X MATRIX  AND PUT THE RESULTS I N  

I 

C 
C 

MULTIPLE ,#YE G MATHlX BY THE X HAT M A T R I X  AND PUT THE RESULTS 

I 
lt\l THE MATRIX  CALLEC) OELTV ---__-__ ---r-- --_____ 

DO 11 I = 1 ~ 3  

I C f 

I DLMAG = SQRTIDELTV (1 ,1 ) * *2+DELTV (2,1)**2+DELTV (3rl)**2) 

I C F I N D  THE: MAGNXTUGE O F  THE DELTA V VECTOR -- 

-7- 
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W B R O U T I N E  COhlTM 
C T H I S  CONTROL MCDULE I S  A S E R I E S - 1  MODEL AND I S  A COMPAl'$I_ON TO THE 

C COVARIANCE MAlPlCES CF MONITORED AND UNMONITORED ERRORS MADE I N  
cDrNA-&ic(?S-MOOEL. THE PURPOSE OF T H I S  ROUffNE IS TO COMPUTE 

C EXECUTING 7YE MlOCOURSE GUIDANCE COMMAND DELTA-V _____-- - c  - .  

C M X T  MODULE _.- -~ _-__ - - -_ - -. 

C 
i~ IT IS ONE C,OMP,UTE THE MIDCOURSE CORRECTION E X E C U T I ~ N F R F O I - D A T A  

5 I F ( I G 1 1 l D F  -1) 3 ~ 2 ~ 3  -_ 
- C  .wkm 

I C  CALCULATE ThE EUt  1HE EM, THE P E U i  THE PEM, AND THE DELTA V PRIrciE 

c CALCULATE PEU 
C CALCULATE - - ___ PEM - 

DO 50 I = l r 3  

___ ___ -- - __-- I - c  
, 



- . - 
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C MAKE FLAG CHECK FOR ti FROM I N I L I Z A T I O N  PASS 
IF ( K - 1 )  5r20~5 

T C O N T T W E -  
I C TO COMPUTE T w N S r T I O F J  MATRIX, ELEMEFJTS ARE OBTAINED FROM P S I M  MODULE 

-'-50-. C COMPUTE Do- .-4-~- I D E N T I T Y  M A T I I I X  FOR P H I  S T A R  
I = 1 t 6  

I GO TO 47 
45 PHIST ( I P ~ )  = 0 1 0  
-ri 7 N'T IN-UC 

I C THE FOLLoWlNd QUANTlTY OF STATEMENTS MILL INVOLVE DO LOOPS I N  ORDER TO 
C OBTAIN THE . ___ G 'MATRIX - 

M =--KL - 1 
GO 62 L = IrM 

_______ ---- 

C SET PHI-STAR EOIIAL TO P H I  STAR-STAR -- '=2--I --:--1-,-6-- 00-J - 
00 52 J = l r 6  

52 PHIST ( I t J )  = P H I S S ( K L L  r I t J )  
C NOw - C A L C U i - A j €  ~ P ~ S ~ F T H E M M A T R I X  
C THE F I R S T  P4RT WILL BE CALLED P H S S l t  A 3x3 MATRIX 

-- 

I 00  53 I = l t . 3  
0-0-53-3t. 1 -  
JJ = J +. 3 

___ .- 53 P H S S l ( 1 , J )  = P H I S T ( 1 , J J )  
c tu o w T A K  E--TKE-IKERS EOF-P H s s 1 

CALL NATlH (PHSSlr P H S S l I t 3 )  



PHSS3(3,6) = 1.0 
C ALL TFScC-ArCULA’rIONS ARE COMPLETED FOR THE G M A T R I X t W E  NOW PUT ALL 
C THE ELEMENTS TOGETHER 

RETUHN 

-. 



SUBROUTINE INFM 
C THIS SWBROUTINE I S  THE INFORMATION MODULE, ALL PRINT-OUT -- IS -- 

C 
---C-CON 7 ROL LE D-- BY 7171 sTR~~UTIN-E 

COMMON/MAIN/TDPTDSV c OM M C-WF017G-c-676 I 6 1 
C O M M O N / I N I / M U ~ T ~ E D T E I T H E T A E I D E L T , R , R D O T I T ~ E T A ~ T H E D T ~ H  
COMMON/FLAGS/MCCF~NAVFOIGUIDFI IGPRF, IRES~ - 
Cb.MMON/SYNRR7-~-(6,1T7'Q ( 6 1 I QF( 6 
COMMON/PSIMR/GAMMAP(6,1)  

- '  C 
CHECK FOR PRINT FLAG, 1F 1 CHECK EVENT FLAG, IF 0 GO TO 5 AN-D E X I T  

202 FORMAT( / / / / / 50X ,14HSTATE VECTOR X / )  



C 
C C H E C K -  $--M IS - XIESN = IESNXt  IF EQUAL WHITE OUT CUMULATIVE PHI-STAR - - ~  

A T R I X ,  1F NOT GO TO 1 4  AND CONTINUE 

DO 15 I 1  = 1 t K E  

9 0  FORMAT(//z/ /4OX,22HCUMULATIVE NOISE VECTOR/) 

213 FORMAT(20X,4E18o9/) 
84 NRITE(6r208) 

208 FOliCIc~T(/////lOX,27HESTIMATE OF STATE VECTOR XH/) 



GO T O .  14 
C 
C STATEMENT $ElS PRINT FLAG T O  0 
C 1 

- 
5 IPR%TF = 0 

I 14 CONTlNUE 
CALL EXTRA .- 

I 

RETURN- 
I END 

! -  
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SUBROUTINE MATIN(APHPN) 

C MATRIX INVERSION ( A * * - l  = H) "- BORDERING METHOD* 

C ?HE INVERSION CHECK R * A  IS CALCULATED AND PRINTED* 
C M A m I C E S  A AND R M A Y  SHARE SAME CORE LOCATIONSo(R*A CHECK I S  IFJVALID)  -_.. - 
C H  E -bl A-x I - b ' i U M S n E - c A  H E 
C tv = 150 
c 
?mI%OUTmE A R GUM€ N T S 
C A = INPUT MATRIX T O  BE II\IVERTED* S I Z E ( N v N ) .  

-- 

-.- 

c H = OUTPUT RESULT MATRIX. SIZE(N~N),- _- ----- 
C N = I N P U T S F Z E  CF W T R I X  A ATJO R, ( M A X  = 150) 
C 
1001 FORMAT ( 2 6 H l N  EXCEEDS I N V l  ALLOWABLE,/ 17yOPROGRAM STOPPED.) 

- r 0 - F O R M A T - ( 1 ~ 1 , I O X , 8 ~ M A T R I X  IS SINGULAR/11Xt  17HPROGRAM HAS ENDED) 
c .  

KR = N 
IF--(N r L t . T W )  G O  T O  150 
WRITE (6~1001) 
s l o p  

v 
150 130 160 I=2tN 

IX(I1 = I 
1 6 0 C o N ~  I NUS 

C INVERT F I R S T  MON-ZERO ELEMENT I N  F I R S T  COLUMN, 
DO 190 l=lrN 

. - _- -___ _ _ - - _ _ _ ~  - 
1 F - - ( H ( I )  .NE* O * )  GO T O  220 

190 CONTINUE 
WHITE (6~1002) 
. 

1F (bJ ;LQ, - .  . 1) 'GO TO 999 e 



IOFF = 1 
JOFF = 'J 

- 7 1 0 -  C CNTI-MUE 
720 CONTlNUE 

C 
C 

999 RETURN 
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FUNCTION RNtJM(OUMY 1 
DATA N X / O /  
IFIZXT3 v 2 v 3 

IJX = 2 
3 wlfFi7GTrg I '  Y Y =  L Y + Y Y  

W 1  =WW-9699691* 
IF ( Y 1 1 2 OT20 P 10 

i 10 YY = Y 1  
20 I F  (Z1) 4 0 t 4 0 v 3 0  I -----3($oz=z1 
40 l F ( W 1 )  4 0 v 6 0 v 5 0  

I 
I -  

C 

1 -- - .- - i -  
I ___- 

A-78 



SUbROUTINE E,XTHA 
C 

C M A Y  ALSO BE USED FOR ANY A O O I T I O N A L  W R I T €  STATEMENTS 
C 

C T  HTs-fs A DUMMY SU B R OUT I NE 7 HA 1 I S U S E o F O R D E ~ U ~ I ~ ~ - - P U R P O  SEST--I-T-- 
-- 

R A Y  Z 3 
FR€O = 4 

C 
J 

KETUHFJ 
EkD 

I --- 
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